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Viscoplastic Characterization of Ti-6-4: Experiments 


Bradley A. Lerch and Steven M. Arnold 
National Aeronautics and Space Administration 
Glenn Research Center 
Cleveland, Ohio 44135 


Summary 


As part of a continued effort to improve the understanding of material time-dependent response, a 
series of mechanical tests have been conducted on the titanium alloy, Ti-6AI1-4V. Tensile, creep, and 
stress relaxation tests were performed over a wide range of temperatures and strain rates to engage 
various amounts of time-dependent behavior. Additional tests were conducted that involved loading steps, 
overloads, dwell periods, and block loading segments to characterize the interaction between plasticity 
and time-dependent behavior. These data will be used to characterize a recently developed, 
viscoelastoplastic constitutive model with a goal toward better estimates of aerospace component 
behavior, resulting in improved safety. 


Introduction 


As part of a prognostics program at NASA, the titanium alloy T1-6A1-4V (T1-6-4) has been 
characterized. This widely used aeronautics material is often used at elevated temperatures and therefore 
is prone to experiencing time-dependent behavior. Understanding the mechanical response of the alloy as 
a function of time is key to predicting deformation and life of the structure. Diagnosing the damage state 
of the component along with an accurate lifing methodology enables condition-based maintenance and 
allows the correct action to be taken on the component to ensure maximum part usage and safe system 
operation. As part of the prognostics process, an advanced viscoelastoplastic deformation model is being 
characterized. It is intended that the model will provide improved descriptions of the deformation state, 
particularly as related to time-dependent, high-temperature behavior. 

Previous experimental work (Lerch and Arnold, 2014) showed that Ti1-6-4 exhibited viscoelastic 
behavior over the temperature range 20 to 538 °C. There, a series of tests were conducted predominantly 
at low stress levels within the proportional stress-strain domain. It was experimentally shown that there 
was a temperature-dependent threshold value (Y) that delineated the boundary between fully reversible 
and nonreversible deformation. Below this threshold, all deformation should be completely recovered 
given sufficient time (typically on the order of a day or two). Above the threshold, some amounts of 
deformation could still be recovered; however, once the viscoelastic process dissipated (often described as 
anelastic behavior in the literature), permanent deformation still remained. The threshold stress was 
nearly equivalent to the apparent proportional limit PL at low temperatures irrespective of loading rate, 
and at higher temperature it was equal to or less than the PL at a very slow rate of loading (e.g., <10° s“). 
Viscoelasticity also was exhibited through the significant rate dependence of the modulus at elevated 
temperatures. The rate deformation of the modulus was shown to be very small at low temperatures, but 
became significant above 316 °C. At 538 °C the modulus was 84 GPa for a strain rate of 10° s™' and 
30 GPa for an infinitely slow rate (termed “E's” or “time-independent stiffness” in the model), a difference 
of 67 percent. Figure | illustrates the variation of threshold stress, apparent PL, and modulus as a function 
of temperature for the titanium alloy, Ti-6-4. 
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Viscoelastic behavior has been shown to occur in various materials including titanium, nickel, copper, 
and ice, to name a few. Saleeb and Arnold (2001) and Arnold, Saleeb, and Castelli (2001) showed that 
viscoelastic behavior occurs in Timetal 21S (a B titanium alloy). Research at the NASA Glenn Research 
Center also showed viscoelastic behavior in GRCop-84 (a high-conductivity, high-temperature copper 
alloy) and ME3 (a nickel-base turbine disc material; Arnold et al., 2014). Sinha has shown “delayed 
elastic strains” (his term for viscoelasticity) in Ti-6AIl-2Sn-4Zr-6Mo (2003); In-738 (2001), Waspaloy 
(2005b), and CMSX—10 (2005a) (all Ni-base superalloys with CMSX being a single-crystalline material); 
and ice (1979). While Sinha originally attributed viscoelasticity to grain boundary sliding, the suggested 
mechanism was enlarged to include sliding of any interface, including y/y’, in his work on the single 
crystal. It should be noted that all of Sinha’s experiments were conducted at load levels above the 
suspected threshold stress since none of his tests completely recovered to zero stress and strain. This 
indicates that the deformation response included irreversible behavior and thus was performed in the 
viscoplastic regime. Moreover, the sliding mechanisms suggested by Sinha are believed to be more 
irreversible mechanisms, which would be consistent with permanent viscoplastic behavior. 

Viscoelastic recovery can account for reversible strains up to 300 microstrain in T1-6-4, representing 
approximately 70 percent of the maximum strain in this regime under load at elevated temperature. These 
values decrease with decreasing temperature. The recoverable strain can be an order of magnitude higher 
in the nonreversible regime. Sinha (2005b) showed recoverable strains with similar orders of magnitude. 
During fatigue of metallic materials, cyclic strains of this size can result in fatigue failures. It has not been 
shown definitively that cyclic strains contain any recoverable portion, however, so it is unknown whether 
or not time-dependent reversible deformation is a significant issue in component lifing. Traditionally, 
fatigue life is associated with irreversible (inelastic) strains. 

The various deformation mechanisms for Ti-6-4 and for a given stress-temperature regime can be easily 
identified in Figure 1, a deformation modeling map. As the stress exceeds the threshold, total deformation 
includes both reversible and irreversible (permanent) portions; thus viscoplasticity becomes even more 
important as the stress increases. This is the regime in which most conventional mechanical testing 1s 
conducted for determining material properties, especially those containing time dependency. Note, however, 
that significant time dependency can occur below the traditional “yield point” (often defined by either 0.02 
or 0.2 percent offset strain, 60,02 Or 602) as well as below the PL; see Figure 1 for how the PL for a 10°-s™ 
strain rate is significantly higher than the measured threshold surface for Ti-6-4. This will be further 
discussed later in this report. The above observations are consistent with the GVIPS (generalized 
viscoplasticity with potential structure) model capabilities put forth by Arnold, Saleeb, and Castelli (2001); 
Arnold et al. (2009); Sellers (2009); Saleeb et al. (2001); and Saleeb and Arnold (2004). The current work 
extends our previous viscoelastic experimental work (see Lerch and Arnold (2014)) on Ti-6-4 into higher 
stress regimes for the purpose of fully characterizing the viscoplastic portion of the GVIPS model. A 
succinct description of this viscoelastoplastic GVIPS model can be found in Arnold et al. (2009). 

Three types of experiments are necessary to support the rational formulation of constitutive equations: 


(1) Exploratory tests. These illuminate the salient material response (e.g., time dependence or time 
independence, sensitivity to hydrostatic stress field, material symmetry and/or anisotropy, etc.), identify 
fundamental deformation and damage mechanisms, and guide the mathematical structure of the model. 

(2) Characterization tests. These provide the required database for determining the material specific 
functional forms and associated parameters to represent a particular material over a given range of 
conditions. 

(3) Validation tests. These are often structural (multiaxial) in nature and provide the prototypical 
response data that enables validation of a constitutive model through comparison of structural response 
with predictions based on the model. 
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Results from validation tests ideally provide feedback for subsequent developmental and/or 
refinement efforts. This report describes the results from a recent characterization experimental program 
on Ti-6-4 performed under NASA safety programs. Monotonic tension, creep, stress relaxation, and 
history-dependent tests were conducted over wide ranges of stress, time, and temperature (e.g., 20 to 
538 °C). Various loading rates were employed to engage varying degrees of time-dependent deformation. 
Load history effects were studied by combining multiple test types. Step tests, both in creep and stress 
relaxation, were used as well as blocks of cyclic loading tests. Dwell times and stress overloads were also 
employed to characterize interaction effects. Finally the author-generated data are combined with other 
applicable data from the literature in an attempt to provide a more comprehensive set of data on T1-6-4 to 
aid in the characterization and validation of any constitutive model (e.g., unified or nonunified 
viscoplastic deformation model) of interest. The actual characterization of a unified, fully associative, 
viscoplastic model (1.e., the GVIPS model) will be described in a companion publication. To aid the 
reader, Appendix A lists the symbols used in this report and Appendix B gives definitions of terms found 
throughout. 


Experimental Procedure 


Coupon tests were performed on samples machined from one 0.625-in.-thick, mill-annealed Ti-6-4 
plate purchased to AMS specification 4911. A detailed description of the pedigree of the plate was 
documented in the viscoelastic study (Lerch and Arnold, 2014). Only a few salient features will be 
repeated here. 

The material was found to have a moderate transverse texture (texture index of 1.55) as a result of the 
rolling process. The material was found to be orthotropic as a result of this texture, which influenced both 
its elastic and flow properties. Since all samples were taken out of the plate in the same direction (1.e., the 
loading axis was parallel to the final rolling direction), texture is only of minor concern in this report. 
However, this texture clearly influences the response in other directions other than the primary loading 
direction (see App. C on transverse strain). Furthermore, it should always be remembered that this T1-6-4 
plate has been shown (see Lerch and Arnold, 2014) to possess initial anisotropy (e.g., at least orthotropy), 
and therefore one needs to use judgment when interpreting the results assuming an isotropic model 
formulation. 

A three-dimensional view of the a-B microstructure is shown in Figure 2. The grain structure is 
inhomogeneous, with the grains being elongated in the rolling direction. The length of the alpha grains 
can be as high as 100 um with an average thickness of 6 um. 

Coupon test samples were excised from the plate. Samples were machined into cylindrical dogbones 
150 mm in length and having a 6.4-mm-gage diameter. The gauge section had a final hand polish parallel 
to the sample’s axis. 

All samples were tested in the same hydraulically actuated load frame. Heating was performed using 
direct induction with the temperature measured using type-K thermocouples spot-welded onto the 
samples’ gauge section. The temperature gradient within the gauge section was within +1 percent of the 
test temperature. A 12.7-mm gage, high-temperature extensometer was used to measure the axial strains. 
All tests also included measurement of transverse strains using an optical micrometer. Additional details 
on the experimental setup can be found in Lerch and Arnold (2014). 

Tests were conducted in air, under either load or strain control, depending on the specific test type. 
The discrete temperatures examined in this study were 20, 200, 316, 371, 427, 482, and 538 °C with a 
focus on the temperatures of 316, 427, and 538 °C. The rate of load application covered a range of strain 
rates from 6x10-’ to 10° s '. When conducting tests under load control, an elastically equivalent load 
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(stress) rate was used (i.e., O=E (é) e), where E (é) is the rate-dependent modulus and e 1s the loading 


strain rate. Load-controlled tests were primarily used for creep tests. All creep tests were performed at 
constant load. The maximum creep time, as well as relaxation time, for any given load segment used in 
this study was 24 h. This time restriction was long enough to develop characterization data, but short 
enough to keep testing times realistic. After reaching the 24-h limit, the majority of the tests were 
unloaded to zero load and held under load control for another 24-h period. This was assumed to be 
sufficient to permit complete recovery of any viscoelastic strains generated during the loading portion of 
the test. In every test, the unloading rates were equivalent to the loading rates. More complicated tests will 
be described in the report as their data are introduced. A complete test matrix description of all tests 
conducted is given in Table I. 


Results 


Data collected from the various experiments are plotted and discussed: tensile, creep, and stress 
relaxation test results, including results from samples with prior deformation histories. 


Tensile 


The tensile behavior for T1-6-4 at various strain rates and temperatures 1s given in Figures 3 through 
11. The data are only shown for strains up to 0.02 to enable comparison with the loadup portions of other 
test types (e.g., creep and relaxation). This greatly increases the number of replicates and better 
documents the degree of sample-to-sample scatter within a set of test conditions, thereby enabling 
statistically meaningful tensile properties. These strains are also sufficient for the material to exhibit a 
pseudosaturation behavior needed for characterization of the model. The range of viscoelastic threshold 
values and the PL values are also shown in each figure for comparison. 

The stress-strain behavior at 20 °C is shown in Figure 3. There are three curves representing three 
different strain rates. The stress levels achieved are similar to those quoted in various handbooks (Metallic 
Materials Properties Development and Standardization (MMPDS) Handbook, 2012, and Aerospace 
Structural Metals Handbook, 1997). The variation in the peak stress (due to rate dependence) is only 
100 MPa (i.e., 10 percent) for the three curves. Although each curve was tested at a different strain rate, 
the data followed the expected rate dependency with the fastest rates giving the highest stresses. This 
suggests that while small, there is a weak dependence on loading (1.e., strain) rate even at room 
temperature. There is also a Ti-6-4 sample plotted (dotted line) that was taken from a hot isostatic pressed 
(HIPped) foil material (neat matrix) used in a previous SiC/T1i composites program (Castelli, Lerch, and 
Keller, 1999). Its data fall reasonably in line with the others. A similar, small rate dependence 1s also 
observed at 200 °C (Fig. 4). By comparing the curves in Figure 4 to those in Figure 3, it can be observed 
that an increase in the test temperature by only 180 °C causes a drop in the peak stress of approximately 
250 MPa. Furthermore, Figures 3 and 4 clearly indicate that the PL as well as either 0.02 percent or 
0.2 percent yield points (60.02 or 60.2, respectively) are rate dependent, even at room temperature. 

In Figure 5 the tensile curves are plotted for a test temperature of 316 °C. There are 10 virgin samples 
shown in this figure. While there 1s still a weak rate dependence on the behavior, the additional scatter 
from the replicates partially obscures the trend. Also included are the data from the HIPped foil material. 
The two upper most curves (dashed lines) are from samples that had prior loading histories. In both of 
these cases, a series of viscoelastic and viscoplastic tests were conducted prior to running the final tensile 
tests. The prior history had the expected effect of work hardening the material. Moreover, both of these 
samples evidenced an upper yield point that was absent on the virgin samples. With increased strains, the 
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stress-strain response from these two samples converged on the others, albeit they were still 
marginally higher. 

For the few tests conducted at 371 °C, there was little difference between curves from the fast and 
slow strain rates (Fig. 6). The largest difference occurred at small strains where the sample tested at the 
slow strain rate had a lower modulus, PL, and apparent yield points. This difference is reduced as work 
hardening continued. There is also a dashed curve shown from a sample with prior viscoelastoplastic 
history. Its values are slightly higher than the virgin samples, and this difference remains through 
termination of the curves at 0.018 strain. Similar to the samples with prior deformation history tested at 
316 °C, the sample at 371 °C has a distinct upper yield point, but less evident than at the lower 
temperature. Also very good sample-to-sample repeatability is exhibited for the 10° strain rate. 

Figure 7 shows data from various samples tested at 427 °C. At this temperature there is more 
separation between curves as a function of strain rate, indicating more significance from time-dependent 
flow. There is a discernable, slight ordering of the curves at rates of 10° s' and above. However, testing 
at a slower rate of 6x10~’ s"' yields curves that have much lower stress levels. It can be observed that the 
modulus, yield, and final stress are all significantly lower than those at the faster strain rates. The two 
samples having prior load histories are once again hardened and lie slightly above the other data. A 
distinct upper yield was not observed in these two samples, unlike those at 316 and 371 °C. 

Tensile curves for samples tested at 482 °C are given in Figure 8. At this temperature there is 
significant rate dependence with the final stress at a strain rate of 10° s' being 70 percent higher than at 
6.1x10-’ s"', thus indicating activation of a substantial amount of rate-dependent deformation 
mechanisms. The sample with a prior load history shows again slightly stronger behavior than the virgin 
sample. Finally, note that no upper “yield” behavior is exhibited at this temperature. 

Tests at 538 °C exhibit the most time-dependent behavior (Fig. 9). Whereas data for the strain rates of 
5x10~ and 10° s' show no difference within scatter, data at all other lower strain rates depict distinctive 
rate dependence. The sample from the HIPped foil material (dotted line) tested at a rate of 10~* s' shows 
a significant reduction in properties compared with those at the two higher strain rates. Even though this 
sample was from a different batch of Ti-6-4, earlier tests on this batch (Figs. 3, 5, and 7) showed that its 
tensile properties were comparable to those observed in the current study. The samples tested at 10° and 
6x10’ s' show large reductions of 30 and 70 percent, respectively, in their saturated stress levels (stress 
values at 0.018 strain, o1.s). Similar to the lower test temperatures, samples having prior load histories had 
the highest strengths, although small enough at this temperature that the data could have been just 
grouped within the scatter of the fast-strain-rate tests. 

The temperature dependence of the tension behavior is shown as a function of strain rate in 
Figures 10 and 11. Figure 10 shows the relationship at the fastest strain rate of 10° s'. The maximum 
stress (1.e., strength) of the material decreases with increasing temperature, with a substantial drop 
occurring between 20 and 200 °C. It can also be observed that the stiffness of the material decreases 
significantly with increasing temperature. Similar trends are exhibited when testing at the slowest strain 
rate of 6x10’ s' (Fig. 11). Clearly at slow rates one observes significantly larger temperature dependence 
on modulus, apparent yield, and maximum stress. 

A summary of the tensile properties as a function of temperature and strain rate is shown in 
Figures 12 through 16, and in Table IH. Figure 12 depicts the drop in axial modulus with increasing 
temperature. Representing the dynamic modulus is a line with data points taken every 5 °C. These tests 
(documented in Lerch and Arnold, 2014) were conducted using an impulse excitation method (ASTM 
Standard E1876—09, 2009), which yielded resonant frequencies of approximately 10 kHz. This equates to 
a strain rate of approximately 1 s™'. All other values were taken from static tests. The error bars represent 
+1 standard deviation or half the range if only two data points were available. The number of data points 
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per test condition is given in Table II. The modulus E for the fast-strain-rate tests (10° s') coincides with 
the dynamic modulus £p up until 427 °C, where there begins a slight deviation from the curve. Similar 
behavior is observed for the rates of 10“ and 10° s“ with the deviations becoming greater with 
decreasing strain rate. At the slowest rate of 6x10’ s' the modulus begins to deviate from the dynamic 
results at 316 °C and varies substantially from Ep at 538 °C. The difference between the dynamic value 
and the slowest static rate modulus at 538 °C is 32 percent. Finally, data points for the infinitely slow 
modulus Es calculated from the viscoelastic study are shown and show a large deviation from the static 
moduli. All of these data show that the modulus is highly rate dependent above a temperature of 
approximately 316 °C. 

Temperature dependence is also observed with respect to the flow behavior as traditionally 
represented by the PL, 60.02, 602, and 61.8 (see Figs. 13 to 16, respectively). The 61.3 is nearly the highest 
strain value attainable in the highest resolution strain range on the test machine, allowing the most 
accurate calculations of modulus and yield and in most cases is a reasonable approximation of the 
ultimate tensile strength (UTS). The strain of 0.018 was also used as a common stress relaxation target 
value for relaxation tests, thus giving additional data for analysis. The lines in these figures represent 
visual trends. All of these figures show that the associated stress values (for a given yield criteria) for a 
strain rate of 6.0x10’ s’ are lower than for the faster rate of 10° s"'. This is even true at room 
temperature where strain rate effects are typically ignored or do not occur in metals. With increasing 
temperature the stress values drop as expected. Both the PL and 60.2 drop suddenly at 316 °C for the 
slower strain rates and tend to plateau at 427 °C and above, whereas oo.2 and 61.3 tend to have a more 
gradual drop with a concave downward curvature at the higher temperatures. Large strain rate- 
temperature effects on stress begin at 316 °C for the PL and 60.02. For 602 and 61, the curves collapse 
over the temperature range of approximately 200 to 400 °C. This is due to a slight stress dip during the 
fast rates and a slight increase in the slow-rate stresses, presumably a result of strain aging. Cheng and 
Nemat-Nasser (2000) showed that dynamic strain aging manifests in titanium through an increase in flow 
stress with increasing temperature, with the increase in flow stress shifting to higher temperatures as the 
rate increases. Strain aging has been observed in T1-6-4 by others during high-rate compression testing 
between 300 and 500 °C (Srinivasan and Venugopal, 2008), low-cycle fatigue (LCF) at temperatures 
between 350 and 450 °C (Lin et al., 2011), and compression tests between the temperatures of 227 and 
527 °C (Nemat-Nasser et al., 2001). The current data would indicate that the strain-aging range 1s 
approximately in the temperature range of 200 to 372 °C. 


Creep 


Creep tests were conducted at each temperature with the focus temperatures being 316, 427, and 
538 °C. Various applied stress levels G were imposed at each temperature; maintaining identical o 
values across adjacent temperatures was attempted. This aided in characterizing the temperature 
dependence of the various model parameters. The creep test matrix is given in Table III. Here, X indicates 
tests that were conducted. Unfilled cells are tests on samples that had prior history, usually for 
viscoelastic evaluation. Creep test results for virgin samples are represented as are the approximate ranges 
of the viscoelastic threshold (Y) as given in Lerch and Arnold (2014). There were tests run at elastic 
equivalent strain rates of both 10° and 6x10~’ s"'; the majority of the tests were loaded at the fast rate. 
Although the creep hold time in these tests never exceeded 24 h (86 400 s), the full time history is not 
always shown, particularly at higher stress levels, because of the onset of significant tertiary creep. Since 
deformation models typically only represent the primary and secondary creep regimes, these regimes are 
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usually the only ones shown. Occasionally the tertiary creep regime (or part of it) may be shown. Full 
creep curves will be presented in a future paper on damage. 

The 24-h history from creep at 316 °C 1s shown in Figure 17, where part (a) presents the stress versus 
total axial strain e behavior and part (b) shows the strain behavior over time. Figure 17(a) depicts the 
stress-strain response for these tests showing the near-linear loading. The test at the highest creep stress of 
587 MPa is above its Go2 and obviously experienced more inelastic flow during loading. All of these tests 
were loaded, in load control, at the fast, equivalent elastic strain rate of 10° s"'. In Figure 17(b) the 
vertical axis is associated with the total axial strain (which includes the loadup strains). The lowest curve 
is from a test at 482 MPa and is below the uniaxial threshold stress Y for this particular sample, whereas 
the curve immediately above it is from a test at 479 MPa, which 1s above its threshold value. Both have 
prior viscoelastic history and lie below the range of maximum reversible strains’ ¢%,, (=Y/E; ) 
achievable associated with the average threshold stress at 316 °C. All other curves are for virgin samples 
(1.e., no prior history) tested above the threshold and above their PL values. The curves exhibit minimal 
creep (less than 0.02 inelastic strain compared to a failure strain of 0.20 at this temperature). The sample 
tested at the highest stress of 587 MPa, which is also the 60.2 at 316 °C, shows slightly more inelastic 
strain. There are two samples tested at or near 517 MPa, and these indicate excellent reproducibility in the 
strain response. 

Creep tests at 427 °C are shown in Figure 18 with their stress-strain curves in Figure 18(a) and their 
corresponding strain-time curves in Figure 18(b). In general the creep strain, and therefore the creep rates, 
increase with increasing creep load. The lowest stress level (239 MPa) is near the threshold stress at this 
temperature. Samples at the two lowest levels (239 and 375 MPa) are below their PL values since the 
stress-strain curves are still linear. Sample 26 has prior deformation history, and this is probably why the 
curve for 26 1s below its PL and creeps less than sample 78, which was tested at the same stress level. The 
samples tested at a creep stress of 445 through 527 MPa lie between 60.02 and 60.2. The four highest 
stresses are above their respective 60.2 values. Note there is a large difference between the two samples 
(45 and 87) tested at the highest stresses of 591 and 596 MPa. Sample 87 has the higher creep rate, and 
sample 45 has the lower. This is consistent with the fact that 87 has a lower 60.2 (526 MPa) and 45 a 
higher value of 537 MPa. We suspect that sample 87 creeps more because of the extra inelastic strain 
incurred during loading. 

Creep as a function of applied stress at a temperature of 538 °C is shown in Figure 19. Figure 19(a) 
shows the stress-strain curves for these tests and indicate that the loading was predominantly linear. All of 
the tests are at creep stress levels above the threshold (Y). Figure 19(b) shows good ordering of the strain- 
time curves with respect to increasing o . On the right side of the graph, the ratio between the creep stress 
and the PL is listed. There are three replicates at 6 ~240 MPa showing the variation in creep behavior. 
The maximum reversible strain (Y/E;) at this temperature falls nearly on the x-axis, and all of the creep 
stress levels in Figure 19 are above the threshold value. Figure 19(c) gives an enlarged view of the creep 
behavior with the y-axis truncated at a strain of 0.040. Only two of the samples were tested at stresses 
below their PL (34 MPa), and these are samples 28 and 92. The data from these samples overlap. All 
other tests were above the PL. Three samples (1, 76, and 94) were below the 60.02, and the remaining 
samples were below the oo.2. Hence, none of these tests experienced much large-scale yielding during 
loading. At a creep stress of 240 MPa sample 3 had the lowest creep behavior of the three replicates. Its 
PL (77 MPa) was higher than that for sample 34. Sample 85, with the highest creep behavior of the three 
tests, had an intermediate PL, but its applied stress did exceed its 60.02, suggesting that this sample flowed 
more easily than the other two; this is borne out with the higher creep response. Three of the samples 


'This is the equivalent of plotting the threshold stresses in strain space. 
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(3, 34, and 88) fractured, and another (85) was severely necked and near failure. Most of the creep tests 
(at Go > 101 MPa) exhibited some tertiary creep within the 24-h hold time. Clearly, given the extensive 
creep shown in the above results, 538 °C exceeds the useful temperature of T1-6-4. 

The next several charts show the temperature behavior of creep at various applied stress levels. 
Figure 20(a) depicts stress-strain behavior for an applied creep stress of 241 MPa. For tests at 427 °C 
there is very little creep elongation observed (Fig. 20(b)). Both of these samples were tested at stresses 
above their thresholds Y, but under their PL. At 538 °C the creep data fall into two groups even though 
they were all tested at the same creep load. The higher creep curves (samples 85 and 89) both have 
exceeded their 60.02 values, whereas the two lower creep curves (samples 3 and 34) have only exceeded 
their PLs. Additionally the two lower curves had a slightly higher modulus (86 GPa) than the other two 
samples (82 GPa). Within these two groups, the reproducibility is very good. 

Creep at a stress level of 379 MPa (Fig. 21) incorporates four test temperatures. There is a large 
difference in creep among three of the temperatures at this stress level (Fig. 21(a)). The sample tested at 
316 °C is below its threshold and therefore in the viscoelastic regime (Fig. 21(b)). At 427 °C the samples 
show minimal creep. Curves from two samples are shown, and they overlap one another even though 
sample 57 was conducted at its PL, and sample 49, under its PL. At the two higher temperatures, the applied 
load is above both PLs and above the 6002, and these samples depict extensive creep. Note that the failure 
strain in tension at 538 °C is approximately 0.10 and the creep sample reached an equivalent strain. 

At an applied creep stress level of 517 MPa three temperatures are again represented: 316, 371, and 
427 °C. For a temperature of 316 °C, two curves are presented in Figure 22, and they overlap. At this low 
temperature very little creep is observed, and the stress-strain curves are nearly linear (Fig. 22(a)). The 
load for both of these samples (9 and 41) was close to, but still below, the 60.02. At 371 °C the test is at a 
stress level between the 60.02 and oo.2 and experiences more creep than at 316 °C (Fig. 22(b)). The two 
samples at 427 °C were tested slightly below their oo.2. Sample 52 with the higher creep behavior had a 
slightly lower 60.02 than the other sample (72) tested at 427 °C, again suggesting that the relationship 
between the applied load and the sample yield points highly affects the creep behavior. 

Figure 23 illustrates the creep behavior of three samples at a stress of ~550 MPa, two at 316 °C and 
one at 427 °C. At 316 °C sample 86 (which was tested at a level between its 60.02 and 60.2) experienced 
more creep (upper curve) than did sample 54 (Fig. 23(a)). The lower curve (sample 54) had significant 
viscoelastoplastic history and therefore had been work hardened, yielding a lower creep response and a 
limited primary creep response regime. In spite of the prior work hardening, sample 54 is not too different 
from the virgin sample. The sample tested at 427 °C has a stress level above the 60.2 and thus generates a 
large amount of creep including a large primary creep regime (Fig. 23(b)). 

At a creep stress level of 586 MPa, tests from the same two temperatures (316 and 427 °C) are 
represented in Figure 24. All three samples were tested above their 602 (Fig. 24(a)). The 316 °C sample 
(loaded only 5 MPa above its 60.2) exhibited limited creep as shown in Figure 24(b). The tests at 427 °C 
(both loaded 50 MPa above their Go.2) exhibited extensive creep, including the initiation of a tertiary 
regime for the lower curve. The data for the second test probably would have shown a tertiary regime as 
well, had it been continued past 20 000 s. 

Figures 25 and 26 depict the influence of loading rate on the creep behavior. Figure 25 shows the 
behavior at a temperature of 538 °C and a load of 103 MPa. The sample with the faster strain rate was 
tested at a stress slightly above its rate-dependent PL (Fig. 25(a)). For the slower rate sample, the applied 
stress level was slightly below its rate-dependent 602. In spite of this much higher stress ratio 
(applied/yield stress), the slower strain rate sample had a lower creep behavior (Fig. 25(b)). It also has 
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less of a primary regime than the faster rate test as shown in Figure 25(c) as one might suspect since 
during loading more time 1s provided for competition between the hardening and recovery mechanisms. 

The effect of loading rate at 427 °C is plotted in Figure 26 for two stress levels, 379 and 517 MPa. 
For the higher stress level two curves are shown in Figure 26(a) for samples having relatively high 
loading rates (10° and 2.4x10~ s"). In the fast-rate test, the sample exhibits higher creep strains 
(Figs. 26(b) and (c)) because more primary hardening (evolution of back stress, a) occurs during loading. 
Both of these samples were tested slightly below their oo. For the samples tested at 375 MPa, curves for 
three samples are shown. The two lowest curves overlap and are tested slightly below the PL (sample 57). 
The sample (93) at the slow loading rate reaches steady state sooner and creeps more than the faster rate 
samples. The slow-rate sample had an applied stress between its rate-dependent 60.02 and 602, thus 
indicating a “softer” sample, showing more creep. Since this sample is tested at a significantly higher 
stress ratio than the other two samples, one would expect its creep rate to be higher than the other two 
samples in spite of its slow loading rate. 

For comparison as well as completeness, creep data on annealed T1-6-4 from the literature were 
plotted with those obtained from the current study in Figures 27 to 29 for a comparison under closely 
related conditions. Zerwekh (1978) performed short-term creep tests followed by an unloading and 
recovery (note that this is termed “relaxation” in his paper). The goal of Zerwekh’s work was to 
characterize the primary creep regime of several metallic systems using the thermodynamic constitutive 
theory of deformation. Zerwekh’s creep test times were less than 4000 s and at a variety of stress levels 
between 124 and 303 MPa. A number of test temperatures were used: 440, 470, 485, 500, 515, and 
530 °C. The data from tests conducted at 427 °C compares favorably with those from Zerwekh in 
Figure 27. For near-equivalent stresses, the data tested at 440 °C lie slightly higher than those tested at 
427 °C. A good example is at 241 MPa where the line for 440 °C is only slightly higher than the line 
representing the 427 °C test. A similar trend occurs for the samples tested at a still higher temperature of 
470 °C. The curve for 255 MPa is even higher than the line tested at 440 °C. This is expected since the 
material should creep more at similar stresses but at higher temperatures. Also in this figure 1s a band 
indicating the maximum reversible strain range Emax at 427 °C. Note that the applied creep stresses for all 
samples in this figure are above the threshold, Y, and therefore lie in the viscoplastic regime. 

A comparison to the tests conducted at 482 °C is shown in Figure 28. Unfortunately only three tests 
were available at 482 °C for comparison, and these bound all of Zerwekh’s data at 470 and 485 °C, being 
at either too low or too high of a creep stress. Additionally the sample (47) tested at the lowest stress level 
is below the threshold stress. Zerwekh’s data show that the tests at higher temperatures creep slightly 
more than for equivalent stress levels at the slightly lower temperature. Even though this temperature 
difference is only 15 °C, it appears large enough to influence the creep behavior. 

Finally the tests at 538 °C are compared in Figure 29 to Zerwekh’s data in the 500 °C regime. Again 
the two data sets are similar, and our 538 °C data appear to fit with Zerwekh’s data between the 
temperatures of 500 and 515 °C. For example, at a stress level of 226 MPa (current data) the curve lies 
between 228 MPa (500 °C) and the 221 MPa (515 °C) data. Clearly, given all the data (both literature and 
current program) for the various conditions one can conclude that the current generated data are 
consistent with literature data for the creep behavior. Next, steady-state creep rates will be compared in an 
attempt to determine some typical creep model parameters. 

The minimum (steady-state) creep rates are plotted in Figure 30 as a function of stress at various 
temperatures for a loading rate of 10° s'. As expected the creep rate increases with increasing 
temperature and applied stress. In this figure tests that were conducted above Y are depicted as well as 
those with creep stresses below the threshold, which are in the viscoelastic regime. Earlier work (Lerch 
and Arnold, 2014) demonstrated that the response in this regime 1s linear viscoelastic in nature (1.e., 7 = 1, 
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where 7 1s the power law creep exponent). It can be observed at all temperatures that at stresses below the 
threshold, the trend of the data is toward a more horizontal line (n < 1), whereas at very high stresses 
(those above Y) the data approach a more vertical line (indicating the onset of tertiary creep). At moderate 
stress levels the slope is in between these two regimes (indicating a nonlinear viscoplastic regime). 
Moreover, the creep rates for the tests below the threshold fall in the range of 10°'° to 10” s"', which is 
consistent with the creep rates associated with full dissipation of time-dependent mechanisms below the 
threshold (Lerch and Arnold, 2014). Data from Barboza, Moura Neto, and Silva (2004) conducted on 
T1-6-4 at 500 °C are also plotted in Figure 30 and are more comparable with the current data tested at 

482 °C. Although they do not give the heat treatment condition, their material is believed to be in the aged 
state based on their value of a UTS of 638 MPa, which is 1.3 times the UTS at 538 °C from this study. 
Data on mill-annealed Ti-6-4 tested at 550 °C from Sastry, Pao, and Sankaran (1980) are also plotted, and 
these data agree with the 538 °C data from this study. Sastry depicted the data as being bilinear on a 
logarithmic scale, which fits the current data nicely for stress levels above the threshold. The exponent in 
the creep equation (slope) at 538 °C for the moderate stresses is 3 and is 6.5 at higher stresses. 

Three points are also plotted in Figure 30 that represent creep tests loaded at a slow rate (6x10-’ s"! 
equivalent strain rate) at the temperatures of 427 and 538 °C. Both points fall within their respective 
temperature fields, indicating that although loading rate does affect the response stress, it does not affect 
the respondent minimum creep rate. 

Evans and Harrison (1983) gave the stress dependence on minimum creep rate representing both an o 
and an a/f Ti-6-4 material that was tested at 400, 450, and 500 °C, and these results are reproduced in 
Figure 31(a). As described by them, the data are best described by a bilinear line having a shallower slope 
at higher stresses. Note that this figure is plotted with the axes switched compared to Figure 30 and is 
done this way since both representations are common in the literature. Evans and Harrison’s fits and 
exponents, n, are also shown in Figure 31(a) and indicate that n decreases with increasing test 
temperature. As discussed by Evans and Harrison, the microstructure had no influence on the curves as 
the data from the a and a/B materials are indistinguishable. The line fits for these data are copied onto 
Figure 31(b), and the data from the current study are superimposed. The data from Evans and Harrison 
from the 400 °C tests best fit the points from samples tested at 316 °C for the current study. Likewise, 
their 450 °C points agree with those tested here at 427 °C. Note that the bilinear representation captures 
the two-slope trend at 427 °C. Evans and Harrison’s 500 °C data fall slightly above the 538 °C points and 
may coincide more with those samples tested at 482 °C. The literature is replete with data indicating 
different exponents on the power law form depending upon stress range (this is often been termed 
“power-law breakdown’). Now that linear viscoelastic behavior has been shown to exist below a 
threshold stress (Y), one should expect at least two distinct slopes during creep deformation that 1s 1 = | 
(viscoelastic stress region) and n > | (nonlinear viscoplastic region). 

Data from tensile tests have also been added (cross-hatched symbols), where their loading strain rate 
is used for the steady-state creep rate and the stress is taken to be the ultimate strength (essentially this is a 
constant stress occurring over a range of strains). These points fall within the creep data at the same 
temperature and at very high rates. This yields a third distinct slope in this graph. 

Note that the data from the very low creep rates (stresses below Y: open symbols) and on the left of 
the graph do not fall on an extension of the higher rate lines. They are on a line that has a steeper slope 
and would form a three-sloped log-log dependence of creep rate on stress rather than a two-sloped one as 
described by Evans and Harrison. The creep exponent (slope) for these lower stresses at 482 and 538 °C 
is approximately 1.6, but appears to increase with decreasing temperatures. 

For various stress levels, the minimum creep rate 1s plotted versus the reciprocal temperature in 
Figure 32. Data are plotted for 10 stress levels. Additionally, data for Ti-6-4 are plotted from Sastry et al. 
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(1980). Sastry’s data agree reasonably well with the current data, with his 330 MPa data agreeing with the 
379 MPa values and his 164 MPa points coinciding with the 117 MPa data. The data are fitted with 
straight lines for a single stress value and over a range of temperatures. The slopes of these lines yield the 
activation energy for creep (Sastry et al., 1980). Sastry gives a value of the activation energy as 

188 kJ/mol for his 164 MPa data and 276 kJ/mol for his data at 330 MPa. Figure 32 indicates that the 
activation energy is a function of stress level: being small at low stresses and high temperatures, high at 
moderate values of temperature and stress, and lowest at low temperatures and high stresses. For example, 
the activation energy at 34 MPa is 179 kJ/mol, increases to 249 kJ/mol at 379 MPa, and decreases to 

96 kJ/mol at 517 MPa. These values are consistent with those given by Palchan and Rosen (1978) for 
aged T1-6-4, where the activation energy was found to be 259 kJ/mol at high temperatures and 71 kJ/mol 
for low-temperature creep. Doner and Conrad (1973) report the activation energy for self-diffusion in 
a-Ti to be between 242 and 293 kJ/mol. Sargent and Ashby (1982) report a value of 97 kJ/mol for 
boundary diffusion in alpha titanium. From the few data points available it appears as if the data from the 
viscoelastic regime (below the threshold stress) are consistent with the viscoplastic data, suggesting that 
the thermal mechanisms are similar. 

Several investigators (Williams and Wilshire, 1973; Evans and Harrison, 1976, 1979, 1983) have 
proposed a relationship between secondary creep rate and the effective stress (o — 0,) where o, 1s the 
friction stress that represents microstructural impediments to dislocation flow. We considered a possible 
interpretation of the friction stress to be equivalent to the threshold since this represents the boundary 
between reversible and irreversible deformation. Therefore the data from Figure 31(b) were replotted in 
Figure 33 using this “effective stress” representation, where Y was taken to be the temperature-specific 
threshold for each sample. These values for uniaxial tensile Y (= V3-« ) can be found in Figure 1 (with 
more information given in Lerch and Arnold, 2014). In the GVIPS model the quantity (o — Y) is actually 
equal to the back stress, a, and therefore the abscissa 1s labeled as “back stress.” A solid line with a slope 
of 3.5 is drawn through the data from temperatures at and below 427 °C and fits the data remarkably well. 
A slope of 3.5 was suggested by Evans and Harrison (1976) to be the universal exponent relating 
secondary creep rate to effective stress. For higher temperature regimes the data seem to suggest that 
multiple slopes (each defining a specific effective stress and steady-state strain regime) are once again 
needed. For example, in Figure 33 a dashed line 1s also shown with the same slope but translated to 
predict the higher temperature data (482 and 538 °C) in the high-stress regime. The line is a good 
approximation of the data at the intermediate stress regime, but overpredicts at both lower and higher 
stress regimes. Also note that points below the threshold Y do not appear in this figure since the resultant 
a would be negative. Finally at very high stresses the slope decreases to a value of approximately 0.04. 
Figure 33 implies that Y is an appropriate variable to use in place of the friction stress in this relationship. 
Moreover, Y is believed to be a more appropriate value for this approach. The method used in the 
literature for determining 0, would contain mostly viscoelastic behavior since the stress changes are 
small. A full discussion on the modeling implications of this representation will be given in a sequel 
paper on modeling. 


Stress Relaxation 


A series of stress relaxation tests were conducted at a target strain of 0.018 and various temperatures. 
The relaxation time was limited to 86 400 s (24 h). The applied strain rate was 10° s' unless otherwise 
indicated. Examples of typical relaxation tests are shown in Figure 34 for temperatures of 427 and 
538 °C. These curves depict the loadup and the relaxation portions of the test in stress-strain space. 
Duplicates at each temperature are shown and exhibit good reproducibility. As shown previously in the 
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tensile results, the tests at 538 °C have an overall lower stress response. Although difficult to see in this 
figure, the stresses relax to a lower stress value at 538 °C than at 427 °C, and both values lie very close to 
their respective threshold values. 

The relaxation behavior at 0.018 strain in the stress-time space is shown as a function of temperature 
in Figure 35. As temperature increases, the saturation stress decreases as does the initial stress at which 
relaxation begins due to the less-stiff material’s response with elevated temperature. At the three highest 
temperatures, duplicates are shown and they agree remarkably well with one another. It can be observed 
in this figure that the saturation stresses (final relaxation stress) are different for each temperature (1.e., 
they do not relax to the same value). Note also that even at room temperature (20 °C) the material relaxed 
approximately 150 MPa (or 15 percent of the maximum stress) over the 24-h period. 

In an effort to better understand the total amount of relaxation as a function of temperature, the 
stresses were normalized against the maximum stress (1.e., the last stress value from the tensile loadup) 
and plotted in Figure 35(b). Although the ordering based on temperature remains the same (with the 
exception of the two lowest temperatures), the amount of relaxation is shown to increase with increasing 
temperature from approximately 15 percent at room temperature to 95 percent at 538 °C. 

Applied strain rate effects are plotted in Figures 36 to 40 along with rate-dependent PL and the 
threshold. Even at 20 °C the loadup strain rate has an effect on the behavior (Fig. 36). Not only are the 
overall stresses lower at the slower strain rate, but the amount of relaxation is less than at the fast strain 
rate. During slow-rate loading more inelastic strain 1s accumulated, increasing the back stress; hence, the 
driving force for relaxation is smaller. Similar results can be observed in Figure 37 for a test temperature 
of 200 °C. At 316 °C (Fig. 38) an inverse behavior occurs: the stresses for the slow-strain-rate test are 
higher than those for the fast-rate sample. Additionally, the curve for the slow-strain-rate test is not as 
smooth as for that of the fast-rate test. This noisy curve can also be observed in the slow-strain-rate data at 
200 °C. These are all indications of dynamic strain aging. At 316 °C the slow-rate curve still shows less 
relaxation, which is consistent with that observed at the lower temperatures. 

The trends shown at the lower temperatures also apply to tests at 427 and 538 °C as observed in 
Figures 39 and 40, respectively. The stresses during the loadups are lower, and the relaxation amounts are 
smaller, for the samples tested at the slower strain rates; clearly a significant rate dependence is occurring 
at the elevated temperature of 538 °C. 

A more convenient view of the amount of relaxation behavior is shown in Figure 41, where the 
normalized relaxation range is plotted against temperature and applied strain rate. The normalized 
relaxation range was defined as the maximum stress minus the final, saturation stress divided by the 
maximum stress ((Omax — Osat)/Omax). The normalized relaxation range decreases slightly from 20 to 200 °C 
and then increases linearly at higher temperatures. It appears as if data from applied strain rates greater 
than or equal to 1x10~* s” all fall on one curve. For rates less than 1x10~“ s“, the data appear to fall on a 
slightly lower, but parallel curve. The minimum value at 200 °C for both curves is suspected to be a result 
of strain aging. The values represented in the ordinate seem to be a good method of comparing relaxation 
over various temperatures and strain rates since both the maximum stress and relaxation range are 
influenced by these variables. 

The effect of the relaxation strain level is shown over the next few figures. In Figure 42 the relaxation 
behavior at 427 °C is plotted for strains of 0.006, 0.012, and 0.018 for a applied strain rate of 10° s"'. The 
relaxation time at each strain level is 24 h. The reproducibility on these five tests is excellent. It also is 
observed that all samples tended to relax to an identical value of 200 MPa. A similar plot, but for slower 
strain rates (6 and 8x10’ s“) is shown in Figure 43. It again appears that all samples tended to relax to a 
constant value of 200 MPa, although there is slightly more scatter in the data; for example, sample 48 at a 
strain of 0.012 did not relax quite as much. Note a fast-rate tensile response is also shown in Figure 43 to 
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help elucidate how significantly softer all relaxation response curves are when loaded at slower strain 
rates. These relaxation curves are also plotted in the stress-time space in Figure 44. Clearly, the fast-rate 
tests reach a higher initial starting stress and relax at a faster rate to an overall lower saturated stress value 
compared to the slow-rate tests. Although, if the slow-rate tests had been continued past the standard 24-h 
hold period, extrapolation of the curves indicate that they would probably converge to the same saturation 
stress as the fast-strain-rate tests. 

Normalization of the curves with respect to the maximum stress (Fig. 45) more clearly shows that the 
initial relaxation behavior is dependent on applied strain rate with the slower strain rate tests relaxing less 
than the fast-strain-rate tests over the same time period. Moreover, within a rate group the samples tested 
at a higher strain appear to relax more, although there is some overlap between strain values. This is not 
surprising since at higher relaxation strains or slower strain rates the material experiences increased 
inelastic flow during loadup, and that is the driver for relaxation. 

The normalized relaxation range for all three strains, applied strain rates, and temperatures 1s shown 
in Figure 46. Again the slower rate tests exhibit lower normalized relaxation ranges as do the samples 
tested at lower strains. However, the applied strain rate seems to have a larger effect than the strain level. 
The data for the samples relaxed at the lower strain values (0.006 and 0.012) follow similar trends to 
those of the highest relaxation values of 0.018. 

Relaxation curves as a function of time and temperature are shown in Figure 47(a). The relaxation 
decreases with increasing temperature although part of this decrease is due to the temperature effects on 
the maximum stress. At the lower temperature, the stress drops quickly and tends to level out in times less 
than 10 000 s. Starting at a temperature of 316 °C and above, the stress relaxes over a larger range of 
times and continues decreasing at a slower rate through the end of the relaxation period (24 h). The final 
stress values (saturation stress) appear to be approaching the threshold stress, Y, which 1s plotted as a 
colored band for each temperature. These values were taken from Lerch and Arnold (2014). Since there 
were limited data existing for Y, and there is some uncertainty, more information will not be given about 
this graph. The relaxation curves were normalized by the threshold and plotted in Figure 47(b). 

In general, the curves saturate at a normalized stress of 1.0. It can be observed in this figure that 
relaxation at the higher temperatures would require more time to fully saturate, particularly at 538 °C, 
where the tests probably need another 12 h to reach saturation. 


Effects of Prior History 


This section is devoted to describing tests in which some form of prior irreversible deformation was 
applied to the material before a simple creep, tensile, or stress relaxation test was conducted. The 
response of the sample with prior history is compared to that of a virgin sample (those without prior 
history). Understanding history effects is important since often components in service are subjected to 
complex histories (e.g., overloads) that significantly affect their subsequent behavior and remaining life of 
the component. Consequently, such behavior must be factored into any rigorous prognostic approach. 
These history effects are complicated, often synergistic, and difficult to model. Therefore, coupon tests 
involving important hereditary effects help differentiate between “good” and “bad” models and provide 
insight into what features must be included in a given model. 

Step relaxation tests were performed in which multiple relaxation holds are applied at increasing 
strain levels. Figure 48 shows relaxation behavior at 427 °C and strain levels of 0.006, 0.012, and 0.018. 
These tests were conducted at a loading rate of 10° s' using 24-h holds for the relaxation period. The 
loading sequence is shown in Figure 48(a). Sample 82 involved a relaxation at each of the three strain 
levels. Sample 31 was relaxed at 0.006 and was subsequently loaded to 0.018 strain and again relaxed. 
Sample 27 incurred relaxation at 0.012 and 0.018. These data are compared with sample 87, which only 
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experienced relaxation at 0.018 strain. Excellent reproducibility can be observed among the loadups as the 
two tests at 0.012 strain overlap, as do the two relaxation samples at 0.006 strain. Hence, any deviation 
between two curves can be attributed solely to the influence of loading history. For the samples relaxed at 
0.006, the subsequent loadups to 0.012 strain were identical, but they achieved a lower maximum stress 
value (fell short) than the other two samples (87 and 27), which had not yet been relaxed. However, given 
sufficient inelastic strain the prior history effects diminish. For example with continued straining to 0.018 
the previously relaxed sample (31) attained identical stresses to the still-virgin sample (87); whereas 
sample 82 only experiences additional straining steps of 0.006 with relaxations in between and does not 
achieve the same stress level at either 0.012 or 0.018. 

At a relaxation of 0.012 the virgin sample (27) relaxes to a lower stress than sample 82, which 
experienced prior relaxation at 0.006. A subsequent loading up to 0.018 strain shows that the two sample 
curves (82 and 27) do not coincide until nearly 0.018 is reached. However, their saturation stress at 0.018 
strain 1s different and both are higher than the virgin curve (87). By plotting the stress versus time 
response for relaxation at 0.006 (Fig. 48(b)), 0.012 (Fig. 48(c)) and 0.018 (Fig. 48(d)) strain the ranking 
of the saturation stress can be best observed. 

At 0.006 strain (see Fig. 48(b)), the two virgin samples (82 and 31) tested show excellent 
reproducibility in their relaxation behavior. At 0.012 strain (Fig. 48(c)) the sample having a previous 
relaxation at 0.006 (sample 82) and subsequent loadup to 0.012 strain exhibits a stiffer relaxation 
response (smaller initial relaxation rate and higher saturation stress) than does the still-virgin sample, and 
even after accounting for a difference in the initial starting stress it does not achieve the same limit stress 
as the virgin sample (27). This illustrates how prior history can provide additional hardening of the 
material. At a strain of 0.018 (Fig. 48(d)), the samples with prior relaxation history again appear stiffer 
than the virgin sample (87). All relaxation responses (including two with prior cyclic history) are shown 
in Figure 48(d); clearly those with prior history show stiffer relaxation behavior than those without. Note 
that the two samples (tested at 427 °C) that had experienced 50 fatigue cycles at +0.01 strain prior to 
relaxation had a slightly stiffer behavior than the virgin sample, but a more compliant behavior than the 
three monotonically loaded samples with prior relaxations. It should be noted that these samples had a 
near-constant stress response over the 50-cycle test, indicating that neither experienced significant cyclic 
hardening or softening. Therefore one might expect relaxation behavior closer to that of the virgin 
sample. 

Normalizing these relaxation curves at 0.018 strain, which eliminates differences in the maximum 
stress, yields a slightly different result (Fig. 48(e)). The virgin sample (87) and the two samples that were 
first cycled have the softest behavior. The next stiffest samples were 27 and 31, which only had one 
previous relaxation, albeit at different strain levels. The stiffest sample (82) was subjected to two prior 
relaxations. 

Additional step relaxation tests at 427 °C are shown in Figure 49 for samples loaded at slow strain 
rates (i.e., 6 and 8x10’ s"). Clearly, reproducibility (sample-to-sample variation) is not as good for the 
slower rate tests as for the faster rate loading tests shown in Figure 48. This is consistent with experience 
that initial defects, flaws, and residual stresses can influence inelastic behavior response more so than the 
elastic response. Note that samples 20 and 11 appear to be almost identical (similar responses in 
Fig. 49(a)), yet the load rates are not exactly the same. By limiting the view to responses up to 0.006 
strain, one can get a good feel for the sample-to-sample variation. In Figure 49(b) four samples (24, 44, 
58, and 84) were relaxed at 0.006 strain with samples 24 and 58 subsequently loaded to 0.012. Clearly, 
sample 58 achieves the highest stress of all samples at 0.012 strain. However, sample 58’s initial loading 
response is slightly harder than sample 24 and 84 as well, thus suggesting that this sample was initially 
harder. This is substantiated by the fact that its yield point is a bit higher than the other two (e.g., 60.2 of 
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272 MPa for sample 58 compared to 246 MPa for sample 24) even though sample 58 was loaded at a bit 
lower strain rate (6 vs. 8x10 s”'). In Figure 49(b) the reproducibility of relaxation at a strain of 0.006 is 
shown in stress-versus-time space. Note that sample 44 was terminated early because of equipment 
problems. The two tests from the slowest strain rate (58 and 84) have the stiffest relaxation behavior. 
However, the maximum difference in the saturation stresses is only 17 MPa (maximum stresses differ by 
9 MPa), and both of these samples have higher yield points (58 has the highest). Normalization of the 
relaxation stress against maximum stress (Fig. 49(b)) eliminates the small difference in the maximum 
stress, but the ranking of the curves remains identical to the nonnormalized versions. At a relaxation strain 
of 0.012 (Fig. 49(c)) there is essentially no difference between the relaxation behavior of a virgin sample 
(48) and one with a prior relaxation at 0.006 strain (24). This is in contrast to results at the faster strain 
rate of 10° s’, thus indicating that material memory fades with continued inelastic straining (note at a 
Slow load rate one has more inelastic strain within the same total delta strain). A similar observation can 
be made for the relaxation response at a total strain of 0.018 as shown in Figure 49(d). Again in contrast 
to the fast-rate tests, all curves tend to converge regardless of prior history. 

The effects of prior cycling on the relaxation behavior at 0.018 strain and 427 °C are shown in 
Figure 50(a) for two different loading rates. Figure 50(b) is the normalized version of this plot. For fast- 
rate (10° s) tests, the virgin samples (dashed lines) relax to the lowest values. Directly above them is the 
curve for a sample cycled 50 times at +0.01 strain before relaxing. The highest curve is from a sample 
previously relaxed at 0.018 strain, then cycled 50 times at a strain of +0.018 and then relaxed again at 
0.018 strain. Note that each of these initially cycled samples is harder than the virgin samples, and the 
sample with previous relaxation and cycling 1s harder than the sample with cycling alone. 

The two samples tested at a loading rate of 1x10~ s" fall above the faster-rate curves as have been 
shown previously. There was no significant difference in the relaxation behavior between the virgin 
sample and the sample, which was first cycled 20 times at a strain rate of 1x10~ s' and a strain range of 
+0.01. The cycled sample exhibits a slight hardening behavior upon loading; however, this small 
difference disappears as relaxation continues. 

History effects as a function of temperature are shown in Figure 51(a) with its normalized version in 
Figure 51(b). Here the relaxation curves for fast loading rates (10° s~') are plotted with dashed lines for 
virgin samples and with solid lines for samples with prior history. These samples were part of the 
viscoelastoplastic series and had multiple loadings before the final relaxation at 0.018. Sample 77 was 
terminated prematurely because of equipment problems. In all cases, the samples with prior deformation 
history were harder than their virgin equivalents, and this difference appears to become greater as the test 
temperature decreases since thermal recovery lessens. This is consistent with the fact that at high 
temperatures thermal recovery mechanisms (e.g., dislocation annihilation) compete with hardening 
mechanisms (e.g., dislocation pile-ups). In the one instance at 538 °C where the virgin sample (70) is 
slightly higher than the sample with prior history, the virgin sample was loaded at a slower strain rate of 
5x10“ s"'. This behavior is therefore consistent with the previously mentioned observation that lower 
loading rates cause less relaxation. 

One additional relaxation test was performed at a strain of 0.018 and 538 °C. After relaxing for 24 h, 
the sample was unloaded to zero strain and recovered for 24 h (Fig. 52). This is one of the few tests in this 
study that was recovered at zero strain (a stress relaxation recovery) rather than zero load (a creep 
recovery). Consequently, this test gives some limited insight into the material behavior in compression. 
The relaxation curves shown in Figure 52(b) indicate that most of the stress has relaxed in a 24-h 
timeframe. Similarly, the sample recovers after unloading to nearly a zero stress state. Neither of these 
relaxation periods reduces the stress to zero, nor would they, if given longer relaxation periods. It should 
also be noted that the maximum stress is similar in both the loading and unloading portions of the stress- 
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strain space, with the compressive maximum stress being 5 percent larger than in tension. The final 
saturated stress value in both tension and during recovery is also similar: 22 and —29 MPa. 


Cyclic Tests 


Since the ultimate goal of this experimental program is to improve life prediction, an important aspect 
of service conditions to consider is fatigue. Therefore, a limited series of fatigue tests were conducted. 
However, only the deformation portion of these cyclic tests is presented in this report. Failure 
(N;, lifetime) will be presented in a future publication. 

Fully reversed, strain-controlled tests were conducted at 427 and 538 °C. In Figure 53 hysteresis loops 
1, 25, and 50 are plotted for a sample cycled for 50 cycles at 427 °C at a rate of 10° s' and between strain 
limits of +0.01. Results indicate no cyclic hardening or softening over this number of cycles as shown by the 
overlapping of the three hysteresis loops. However, cycling another sample at the same temperature of 427 
°C and strain limits of +0.01, yet at a slower strain rate of 1x10~ s', a slight cyclic hardening is observed 
after the first cycle (see Fig. 54). Thereafter and up through 20 cycles, the sample exhibited very little 
change. For engineering purposes the small amount of hardening in the second cycle can probably be 
ignored. Note that both of these cyclic tests were subjected to subsequent relaxation tests, and their 
relaxation behavior was shown in Figure 50. At 538 °C and arate of 10° s', a sample was cycled between 
strain limits of +0.01 for 50 cycles (Fig. 55). There is some slight evidence of cyclic softening over a range 
of 50 cycles; however, the amount of softening is only 8 percent (1.e., 35 MPa). 

An additional strain-controlled cyclic test was performed under zero-tension loading at a strain ratio 
(Rz = €min/Emax) Of zero. The test was conducted for 20 cycles at 538 °C, a rate of 1x10~° s”', and between 
strain limits of 0 and 0.018. Figure 56 shows the hysteresis loops at cycles 1, 7, and 20. The test assumes 
a fully reversed form on a stress basis already in the first cycle. There is limited hardening and softening 
throughout the 20 cycles, although there is a slight negative shift (17 MPa) in the mean stress with 
increasing cycles with an obviously large shift after the first loading. 

Two additional tests were conducted under load control rather than strain control, an equivalent 
elastic strain rate of 10° s‘, and at 427 °C. Both of these tests were run under zero-tension conditions at a 
load ratio (Re = Omin/Omax) of 0. The first test (Fig. 57) was cycled between 0 and 640 MPa until failure 
occurred at 115 cycles. The maximum stress represents a value close to the ultimate strength under these 
conditions (compare with Fig. 7). The sample incurs a large strain on the first cycle. Unloading yields a 
permanent strain offset just short of 0.06. Subsequent cycles show plastic strains (width of the hysteresis 
loop) that continually decrease with increasing cycle number and a continually increasing mean strain. 
Moreover, none of the loops are completely reversible; that is, they do not come to complete closure upon 
unloading to zero stress, although they get closer to this state as cycling continues. This behavior is 
termed “strain ratcheting” and is typical of load-controlled tests at positive load ratios (Manson and 
Halford, 2006) and has also been observed in high-cycle-fatigue tests on T1-6-4 (Morrissey, McDowell, 
and Nicholas, 1999). Note also that the hysteresis loops are rounded at the maximum load rather than 
exhibiting a sharp reversal as in the strain-controlled tests (Fig. 53). Similar behavior has also been 
observed in TiMetal 21S for load-controlled fatigue tests at elevated temperatures (Solimine and 
Lissenden, 2004). 

The second sample (Fig. 58) was tested under similar conditions, but was a lower maximum stress of 
600 MPa. This stress is approximately 70 MPa above the oo.2 and 55 MPa below the expected UTS. The 
first cycle yields a permanent strain at 0 load of approximately 0.02, three times less than that attained in 
the first cycle of the previous test (Fig. 57(a)). Again, subsequent cycling leads toward tighter hysteresis 
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loops and increasing mean strains. Note that the accumulated strain after 50 cycles is one-third of the 
previous test at the higher load, which was subjected to only a 40-MPa higher stress. 

The creep ratcheting behavior of both of these tests is plotted in Figures 57(b) and 58(b). The maximum 
and minimum (negative) strains are shown as a function of time and both exhibit a typical three-stage creep 
deformation behavior. This behavior is less evident for the higher stress test shown in Figure 57(b) and is 
understandable since the maximum stress 1s fairly close to the UTS and failure occurs rather rapidly as soon 
as small amounts of damage are incurred. At the lower stress (Fig. 58(b)) the sample has more time to 
deform and more normal creep mechanisms rather than tensile overload dominate. In both figures the strain 
evolution from constant monotonic load creep tests are shown for comparable stresses. For the high-stress 
test (Fig. 57(b)), the closest creep stress level available was 596 MPa, which is substantially lower than the 
640-MPa maximum stress of the fatigue test. Hence the creep behavior is significantly lower and 1s not a 
very good comparison to the strain behavior from the fatigue test. However, the strain behavior from three 
creep tests are shown in Figure 58(b) at stresses between 586 and 596 MPa, which are only a bit lower than 
the 600-MPa maximum stress for the fatigue test. Note that the peak strain behavior for the fatigue and the 
596-MPa monotonic creep test show remarkable agreement. The creep tests at the lower stresses do, 
however, exhibit a more significant deviation from the fatigue response. The fatigue behavior does appear 
“shortened” in that the onset of tertiary creep and final failure of the sample occurs at half the time of that 
observed in the creep response. However, this is not unusual for observed variability in typical creep lives. 
More tests would have to be conducted to determine if monotonic creep 1s representative of the ratcheting 
behavior observed tn the fatigue tests, or if the cyclic nature of the fatigue provides added and synergistic 
mechanisms to the process. 

Finally, a cyclic test at 427 °C was performed with tensile and compressive dwells. The purpose of 
this test was to introduce creep segments into the load spectrum and determine if the cycling altered the 
basic creep behavior compared to the virgin state. Also, similar holds are experienced in service 
conditions of many components. This test was conducted under load control between stress limits of 
+375 MPa, a stress value just above the PL of 364 MPa. An equivalent elastic strain rate of 10° s"' was 
employed, and the dwell hold periods were | h in length. A total of 20 cycles were conducted on this 
sample. Hysteresis loops for cycles 1, 2, and 20 are shown in Figure 59(a). There is a slight shift in the 
loops toward a more fully reversed strain situation (ratchets toward compression) as the cycling increases. 
It can be observed in the figure that there is significant creep, on the order of 0.002, incurred during each 
dwell. Note not all of this time-dependent strain is irreversible: up to the threshold, Y, all of the strain is 
viscoelastic and reversible, and above Y a portion of the time-dependent strain is still viscoelastic and 
reversible. Figure 59(b) compares the creep from the tensile holds at the same three cycles to the creep 
behavior on virgin samples tested under equivalent conditions. Total axial strain is shown in Figure 59(b) 
and creep strain, in Figure 59(c). The creep behavior in tension from the first cycle compares well (as it 
should) with the other two virgin samples (all dotted lines). The amount of creep strain during the second 
cycle 1s greater, and there is a lower creep rate after 1 h of creep, than what was observed in the first 
cycle. After 20 cycles, creep is initially similar to that observed in cycle 2, but it quickly becomes less and 
has a flatter shape, corresponding to a lower creep rate. Ranked from most to least amount of creep are 
cycles 2, 1, and 20. Hence cycling has a slight hereditary effect on the creep behavior. The amount of 
creep during the compressive hold increases from cycle | to 2 to 20 (Fig. 59(c)). Only the creep in cycle | 
is higher in compression than in tension. For cycles 2 and 20, the reverse is true. 


Plasticity-Creep Interactions 


The next series of tests investigated the interaction of plasticity and creep by performing histories 
involving step creep tests and tests with an overload followed by creep. Figure 60(a) shows results for a 
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series of tests at 316 °C and an equivalent elastic (G/ E D) loading rate of 10° s'. Also shown in this 


figure are the average yield stresses at 316 °C and a loading rate of 10° s"'. Depicted in Figure 60(a) are 
three creep tests on virgin samples at stresses of 520, 561, and 587 MPa to show the baseline creep data. 
There is also a sample (41) that was crept at the same three stress levels in succession with an 8-h creep 
hold at each stress level. After creeping at the highest stress (586 MPa) for 8 h, the stress on this sample 
was reduced back to 517 MPa and crept again for 8 h. The final sample (19) experienced an overload in 
which the sample was loaded to a maximum stress of 586 MPa, unloaded to 553 MPa, and then crept at 
that stress level for 24 h as shown in Figure 60(b). Note that upon unloading at 586 MPa, the axial strain 
continued to increase for another 700 us, creating a forward momentum similar to what was observed 
during load-controlled fatigue (Fig. 57(a)). This was accompanied by an order-of-magnitude increase in 
the responding strain rate (Fig. 60(c)). Consequently, what appeared to be a linear portion at the end of 
the unload yielded an unloading modulus of 177 GPa, which 1s significantly higher than the average 
modulus of 91 GPa at this temperature and load rate. Hence, forward momentum was still influential 
during the entire unload. Such rounding 1n the stress-strain behavior has been observed by Morishita et al. 
(1988) in 304 stainless steel and was suggested to be a result of the overstress acting in the direction of 
the applied stress when unloading starts. 

Comparison of all creep behaviors (in a total strain representation) for these tests is shown in 
Figure 60(d). At the lowest stress value the behavior from the step test (sample 41) and the virgin test 
(sample 9) are similar and have similar creep rates. At the next step the strain increases but not as high as 
for the virgin sample (86) indicating that hardening occurred during the first creep step. The creep rates at 
the end of the step (given in parentheses in the plot) are not too different from one another, especially 
considering that the rate for the virgin sample was calculated after 24 h rather than after 8 h for the step 
test. The third step shows a significant variation between its creep levels and those of the virgin sample 
(66), exhibiting a still harder behavior due to the first two creep steps. Its creep rate is half that of the 
virgin sample tested at the same stress. After unloading the step-test sample back to 517 MPa, the strain is 
significantly higher than the initial creep strain in the first step—understandably so, since the total 
accumulated strain is plotted on the ordinate. Also, the final creep rate is nearly an order of magnitude 
lower than the virgin samples at the same stress level. Here the step process led to work hardening and 
less creep. 

These curves were replotted using creep strain on the ordinate, where the loading strains have been 
subtracted. In Figure 60(e) both axes have been reset to zero at the beginning of each step. In Figure 60(f) 
the time has been reset for zero; however, the creep strains have not been and include all accumulated 
creep strains. Creep in the first step (41) is nearly identical to that observed in sample 9. The second step 
exhibits more creep than the virgin sample (86) at a similar stress level and has a larger primary regime. 
At the highest stress level, the third step, the sample experiences a similar creep amount as the virgin 
sample (86), which was at a slightly lower load. The behavior at the third step can also be compared to a 
second virgin sample crept at 587 MPa. There are two curves given in the figure for the virgin sample 
(66). The dotted line represents the complete data and is situated at much higher creep strains than the 
step test. However, there was an instantaneous jump in the strain at the beginning of the creep process, 
which could have been due to slippage of the extensometer. It could also have been real behavior and a 
result of dislocation unlocking, since deformation at this temperature exhibited dynamic strain aging. 
Hence, the second curve for this sample (dashed line) removes this “jump” in strain and the magnitude of 
creep strain is more in-line with both the step test and the second virgin sample. 

Upon unloading back to 517 MPa, the step test shows negligible creep and 1s much lower than the 
initial creep for similar stress levels. The amount of creep and the final creep rate are both significantly 
less than observed in both the first step (an equivalent load) and the virgin sample (9). Finally, the 
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overload sample (19) exhibits similar creep amounts and rates as the virgin samples tested at lower stress 
levels (33 MPa less) implying that the overload caused hardening in sample 19. 

A similar series of tests was conducted at a higher temperature of 427 °C and a loading rate of 
10° s'. The step creep test was conducted for sample 49 at stress steps of 372, 440, 472, and 372 MPa, 
followed by an unload to zero load and a recovery. Its stress-strain curve is compared in Figure 61(a) with 
virgin creep tests at the same stress levels, along with an overload creep test (shown in Fig. 61(b)) in 
which the stress was loaded to 514 MPa, unloaded to 446 MPa, and crept for 24 h. The creep behavior 
(total strain versus time space) for these tests is given in Figure 61(c), and the creep strain versus time 1s 
given in Figure 61(d). The creep curves for the first stress level (375 MPa) show good reproducibility, as 
they should since at this point all three samples are in the virgin state. With increasing step levels the final 
creep rate increases (consistent with increment in stress) for each successive step. At the middle stress 
level (440 MPa) its creep rate is less than that of the virgin sample (78). This is consistent with the fact 
that the first step work hardened the material and increased its PL to 435 MPa, much higher than 378 MPa 
for the virgin sample. In contrast, at the highest stress level (473 MPa) the step tests exhibit less creep but 
a higher creep rate than the virgin sample (51). At this point the PL of the step test is 472 MPa, the same 
as the creep load. In contrast the PL of the virgin sample 1s 396 MPa and its 60,02 1s 452 MPa, both smaller 
than the applied creep load. However, the creep rate for the virgin sample after only 8 h was equal to 
2.3x10-’s"' and is nearly equivalent to the creep rate for the step test. As the step test is unloaded back to 
the first step of 372 MPa, its creep behavior is linear, exhibiting no primary creep regime. Moreover, the 
step-tested sample now has accumulated much less creep by nearly a factor of 2 compared to the virgin 
samples as well as exhibiting half the creep rate. Similar to the step tests at 316 °C, work hardening due to 
prior steps at 427 °C decrease the amount of creep strain and the creep rate. 

The overload creep test (sample 7) exhibits less creep and a lower creep rate than the virgin sample 
but higher than those from the second step of the step creep test for equivalent stresses (Fig. 61(c)). It also 
exhibits a similar response during the overload portion as the sample tested at 316 °C, in which the strain 
rate increases by an order of magnitude and the strain continues increasing even during the initial portions 
of unloading (Fig. 61(b)). At the end of unloading the modulus is larger than the original loading modulus 
by only 4 GPa, a minor difference compared to what was observed at 316 °C and indicates only a minor 
momentum effect. Figure 61(e) shows the cumulative creep strains versus the time with the beginning of 
each creep period reset to a time of zero. 

At a still higher temperature of 538 °C, an overload creep test (Fig. 62(a)) was conducted at a loading 
rate of 10° s'. The sample (64) was loaded to 241 MPa (slightly above its 60.02 of 205 MPa), unloaded to 
103 MPa, crept for 24 h, unloaded to zero load, and recovered for another 24 h. In Figure 62(a) the stress- 
strain curve is compared to a virgin creep test (sample 76C) at 101 MPa, and their creep behavior is 
shown in Figures 62(b) and (c). Although both samples had identical primary creep regimes, the virgin 
sample experienced less overall creep and had a lower creep rate than the sample that was first 
overloaded. This is opposite to what occurred at 316 and 427 °C. This is a bit unexpected since the 
overload did produce a small amount of inelastic strain, although significantly less than what was 
produced by overloads at the other two lower temperatures. Also, there is more thermal recovery at 
538 °C, and this may reduce the small amounts of work hardening that occur during the overload. The 
lack of plasticity-creep interaction was unexpected at this temperature. However, examining the initial 
conditions (Es and Y) of each of these samples it becomes clear that the overloaded sample has a 
significantly lower threshold and consequently achieved more inelastic strain during loading than the 
virgin sample, thus explaining why it crept more. The threshold can easily be determined using the 
viscoelastic subtraction relation (see Arnold, Saleeb and Castelli (2001) and Lerch and Arnold (2014)). 
Furthermore, it should be noted that the virgin sample (76C) had a PL of 93 MPa, whereas the overload 
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sample had a very low PL (51 MPa) and the applied stress even exceeded its 60.02 during loading. Hence 
we would expect more creep in the overload sample than in the virgin since the creep load was so far past 
its yield: a softer sample. Note that the forward momentum did not occur in this sample during the load 
reversal nor was there an increase in the strain rate as the maximum load was approached. This was 
probably because the amount of inelastic strain was so low for this sample compared to that produced at 
the lower temperatures. 


Thermal Recovery Tests 


These tests were designed to examine the effects of a recovery period on the creep behavior. Three tests 
were run, one at two different maximum stress levels at 427 °C and one at 538 °C. An equivalent elastic 
loading rate of 10° s"' was used for both loads and unloads. The test sequence is shown in Figure 63(a) for 
the sample tested at the lower stress of 375 MPa and at 427 °C. The sample is loaded to 375 MPa and crept 
for 8 h, unloaded to 69 MPa and recovered for 8 h, reloaded to 375 MPa and crept for another 8 h, and 
unloaded to zero load and recovered for 24 h. The creep behavior for this sample is shown in Figures 63(b) 
and (c) and compared to two virgin samples, crept also at 375 MPa. At these loads all of the samples were 
below their PLs. The thermal recovery sample appears to be slightly harder (1.e., less creep) than the other 
two samples, as indicated by the “first creep” curve. After thermal recovery, this sample exhibits less 
primary creep and exhibits a flatter creep curve. There 1s less than half the amount of creep for the same 8-h 
period, and the creep rate is 32 percent less. It can also be observed that during the thermal recovery the 
sample exhibits negative creep (strains become smaller with time). The recovery portions at zero load are 
also shown in this figure. Both of the recovery curves are less than those for the virgin sample, indicating a 
slight amount of hardening during the thermal recovery test. 

A second set of thermal recovery tests was conducted at 427 °C for a higher stress of 575 MPa (which 
is above the sample’s oo.2) and a rate of 10° s“. Its stress-strain curve is shown in Figure 64(a), and its 
creep behavior shown in Figures 64(b) and (c). Three virgin creep samples at stresses near 575 MPa are 
also shown in Figures 64(b) and (c). The “first creep” curve from the thermal recovery sample falls 
between those of the virgin samples tested at 591 and 596 MPa and lies above the virgin sample tested at 
549 MPa. During the “second creep” event, the creep response (Figs. 64(b) and (c)) immediately exhibits 
secondary creep (1.e., creep rate is constant) and is approximately equal to the creep rate just prior to the 
unloading in the first creep step. This suggests that an insufficient amount of time (or too low of 
temperature) was allowed for thermal recovery. Finally, after approximately 6 h (21 600 s) of creep a 
tertiary regime commenced. As observed with the previous sample, the creep during the thermal recovery 
period was in the negative direction. 

The only direct comparison of the creep behavior at a stress level of 575 MPa is for sample 83. 
However, sample 83 had prior viscoelastoplastic history and therefore exhibited less creep than in the 
thermal recovery test. Also, the initiation of damage in sample 88 after the thermal recovery probably 
accelerated its creep behavior. During the thermal recovery at 69 MPa the sample displayed negative 
creep (total recovered amount of —1600 microstrain). Comparing this to a viscoelastic creep sample tested 
also at 69 MPa showed it to display positive creep of +250 microstrain after a similar 8 h. Hence the 
amount and direction of creep 1s dependent on the prior deformation history. 

Thermal recovery at 538 °C is shown in Figure 65(a). This test was loaded at an equivalent elastic strain 
rate of 10° s' (86 MPa/s) to a stress level of 243 MPa (slightly above its 60.02 of 231 MPa) and held for 4 h, 
followed by an 8-h thermal recovery at 69 MPa, and then a final creep at 243 MPa for 2.7 h. Unlike the 
samples tested at 427 °C, this sample crept in the positive direction during thermal recovery, indicating that 
the recovery stress of 69 MPa was too high for initiating recovery rather than further creep at this 
temperature. The creep behavior is shown in Figures 65(b) and (c), and the first creep period for the thermal 
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recovery sample falls between the behavior of the other two virgin samples tested at 239 and 241 MPa. At 
this stress level all three samples eventually enter the tertiary creep regime. During the second creep period 
the total strains are at a higher total strain value and the creep rates are faster. However, the creep behavior 
prior to the onset of significant tertiary creep agrees with that from the virgin sample 85. The thermal 
recovery behavior depicts creep in the increasing strain direction, although it is only a small change in strain. 
In actuality the sample first crept in the negative direction for a strain of 1100 microstrain then reversed and 
crept in the positive direction for a strain increment of 3300 microstrain. The thermal recovery portion is 
consistent with a virgin creep sample tested at a slightly higher stress level of 101 MPa, which crept 

6000 microstrain over a similar 8-h period. It does not appear that thermal recovery had much of an effect 
on the creep behavior in this test, but this was probably a result of the accelerating effect of damage (as 
evidenced by the tertiary regime) on creep behavior. 


Discussion 


Aeroengine components are subjected to extreme service conditions that often push the capabilities of 
the materials. Many of them, such as turbine discs, are exposed to very high temperatures, comparatively 
high loads, and aggressive atmospheres from the gas path. They are pushed into operating regimes where 
even the smallest of defects can lead to rapid failure and result in catastrophic failure because of the high 
amounts of released energy. By nature the design considerations on these components are conservative, 
which results in excessive weight and corresponding increased fuel consumption. To improve this 
situation, prognostics systems are needed that can account for the complicated load-temperature-time 
fields that the material experiences, thereby enabling the optimum use of materials. Simplified models 
often cannot accomplish this task. The model put forth by Saleeb and Arnold (2001) is general enough to 
cover a wide range of behavior, albeit at the expense of a larger test program and multiple 
characterization parameters. In theory these parameters represent different deformation mechanisms 
operational over varied time and temperature domains, which in reality are necessary for the large range 
of conditions being incorporated. The characterized model should be able to predict any loading condition 
over the complete set of temperatures and loading (both stress and strain) rates and include elastic, 
viscoelastic, plastic, and viscoplastic deformation as needed. Hence the characterization and validation 
test matrix must also include tests evaluating this wide range of conditions. Although the currently 
investigated material, Ti-6-4, 1s not a turbine material, it does have applications in the cooler sections of 
the engine (thus used over a similar range of homologous temperatures) and will experience most of the 
same deformation behavior that turbine materials do. The selection of Ti-6-4 resulted from its wide use in 
jet engines and its similarity to previous experimental work on Timetal 21S for this model (Arnold, 
Saleeb, and Castelli, 2001). Currently, a similar test matrix (to that presented herein) is being conducted 
for a Ni-based superalloy turbine disk material, ME-3. 


Tensile 


Uniaxial tensile tests indicate that, like most materials, T1-6-4 properties are dependent on both 
temperature and loading rate. Figures 3 to 11 show the decrease 1n load-carrying capability as test 
temperature increases and strain rate decreases. Additionally small, rate-dependent “yielding” 1s even 
observed at room temperature (Fig. 3). Although, time-dependent behavior is generally not thought of 
existing at such low homologous temperatures, titanium alloys have been shown to exhibit these 
characteristics. There have been many studies showing creep (Doner and Conrad, 1973; Savage, Neeraj, and 
Mills, 2002; Thompson and Odegard, 1973; Hatch, Partridge, and Broadwell, 1967; Wapniarsky, Rotem, 
and Rosen, 1991; Chakrabarti and Nichols, 1980; Odegard and Thompson, 1974; Katcher, 1968; and Imam 
and Gilmore, 1979) and stress relaxation (Chiu, Eftis, and Jones 1990; Stephens and Munford, 1988; Evans, 
1987; and Dunn, 1991) at ambient conditions. At higher temperatures, loading rate has an increasingly 
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larger influence on properties, until at 538 °C there is a spread of approximately 400 MPa in the maximum 
stress between the fastest and slowest strain rates (Fig. 9). More recently, Ti-6-4 was also shown to exhibit a 
rate dependence of its initial “elastic” modulus (see Fig. 12), which indicates the existence of viscoelasticity. 
A previous article by Lerch and Arnold (2014) has fully documented the viscoelastic behavior of T1-6-4 and 
has shown that a significant difference in elastic modulus occurs at temperatures of 316 °C and above. At 
538 °C the maximum difference in modulus between a very fast (e.g., 1s) strain rate and an infinitely slow 
(e.g., 10°’s“) strain rate (termed “Ep” and “Es,” respectively, in the GVIPS model) was 71 percent. Thus 
careful thought must be given to the value of the material stiffness used in typical lifing models at the higher 
temperatures since it can be rate dependent. 

The influence of temperature and loading rate on the apparent yield stress as well as the maximum 
stress achieved at a strain of 0.018 is shown in Figures 13 to 16. All of these values decrease with 
increasing temperature and decreasing strain rate. However, at temperatures between approximately 
200 and 371 °C, there is a convergence of the rate curves, and at certain temperatures within this range 
even an inverse relationship between strain rate and yield can occur. It is over this temperature range that 
dynamic strain aging has been observed in T1-6-4 (Srinivasan and Venugopal, 2008; Lin, et al., 2011; 
Nemat-Nasser, et al., 2001; and Katcher, 1968), which also produces a jagged loading curve at low strain 
rates and an enhanced apparent yield point in certain loading curves as shown in Figures 5 and 6. 


Creep 


Although monotonic tensile tests have indicated rate dependency, they provide relatively little 
information regarding long-term time-dependent rate and plasticity behavior compared to other test types 
such as creep and relaxation. Therefore to better document the time dependency of Ti-6-4, many creep 
tests were conducted (Table III) over a range of temperatures, stress levels, and loading rates. The creep 
curves are summarized in Figures 17 to 25 and show the standard three-regime creep behavior 
(1.e., primary, secondary, and tertiary—if the tests were crept long enough). Note that documentation of 
total strain is extremely important for characterizing unified viscoplastic models since inelastic strain 
accumulation during loading can greatly impact its subsequent behavior during constant loading. This 1s 
why the creep response curves are usually plotted in this manner. There was very little, if any, steady- 
state creep observed, and the creep rates mentioned in this report usually represent the minimum creep 
rates. The total strains and the minimum creep rates all increased with increasing temperature and stress, 
not taking into account the occasional sample-to-sample scatter. In some cases, particularly at the higher 
temperatures, there was more scatter in the creep curves. For example, during creep at 427 °C (Fig. 18) 
the highest three stress levels (1.e., 574, 591, and 596 MPa, respectively samples 88, 45, and 87) were 
nearly the same (within 4 percent) yet exhibited significantly different creep responses (e.g., 100 percent 
variation in accumulated inelastic strain within 10 000 s). Sample 87, which had the highest applied 
stress, had—as expected—the highest creep rate. Yet sample 45, which had only a 5 MPa (0.8 percent) 
lower applied stress than sample 87, had the lowest creep rate among the three samples. Sample 88’s (the 
lowest applied stress, 3.7 percent lower) creep behavior fell in between the other two. One way to explain 
such scatter is to examine the “yield” property (e.g., consider definition of 0.2 percent) of each of these 
samples. In this case all three had exceeded their oo 2 during loadup. Samples 88, 45, and 87 had 60.02 
values of 527, 537, and 526 MPa, respectively. This shows that sample 87 with the highest creep had the 
highest applied stress but the lowest 602. The sample with the lowest creep (45) had a similar applied 
stress, but the highest oo2. The remaining sample (88) was in between. 

At 538 °C a similar observance was noted (Fig. 19). Three of the higher applied stress tests 
(241 MPa) showed fairly wide scatter amongst the creep behavior. Sample 85 had the most creep and 
appeared to be the softest since its 60.02 of 31.6 MPa was exceeded during the loadup. This sample also 
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had the lowest modulus (80 GPa) of the three samples. Both of the two remaining samples were 
“stronger” since only their PL was exceeded during loadup. Of these two samples, sample 3 had the 
highest PL (77 vs. 74 MPa) and this resulted in sample 3 having less creep strain. 

Finally in Figure 26, sample 93 loaded at a slow rate of 7x10~’ s' and 427 °C had a higher creep 
response than that of sample 57, which was tested at a fast rate of 10° s'. This is contrary to the behavior 
that was previously mentioned about slow loading rate leading to less creep. However, sample 93 had its 
60.02 of 153 MPa exceeded, whereas sample 57 remained elastic during the loadup. The large difference in 
the yield points (the average PL at 427 °C is approximately 401 MPa for a strain rate of 10° s"' as given 
in Table IT) can easily explain their rate dependence. Therefore, although the slower strain rate test should 
have a lower creep response, this is countered by the fact that the applied stress level 1s so much higher 
than its yield point. These results show that creep is influenced by both the applied stress and its 
relationship to the yield point of the sample, the latter being both temperature and loading rate dependent. 
It is possible that an even better predictor of creep behavior may be the threshold, Y, which defines the 
beginning of irreversible flow and is rate independent. However, the threshold is not measured on every 
sample and cannot be determined by conducting only one creep test. 

Figures 25 and 26 clearly illustrate the impact of loading rate on the resulting creep behavior: faster 
loading rates result in higher creep strains and creep rates than slower loading rates. The reason for this 
resides in the fact that during faster loading rates there is less inelastic strain accumulated during loadup 
than for the slower loading rate tests (compare inelastic strains in Figs. 25(c) and 26(c)). Faster loading 
rates do not enable significant back stress (a) accumulation during loading, thereby producing a 
higher initial effective stress (o — a) within the material and consequently more creep for a given applied 
load. Observe that the creep rate is also higher for the faster loading rate. However, these tests probably 
have not quite reached their steady-state (or minimum) creep values during the given test time. If they 
had, we would expect both the fast and slow loading rate tests to have very similar creep rates. It should 
also be noted that the slow-rate test should reach steady state quicker than the fast-rate test because of its 
lower effective stress. 

The creep behavior of this material is consistent with that in the literature of annealed T1-6-4. This is 
not only shown with the creep curves in Figures 27 to 29 for a comparison with data from Zerwekh 
(1978), but also with the minimum creep rate as a function of creep stress in Figures 30 and 31. In 
Figure 30, results from 500 and 550 °C creep tests from Barboza, Moura Neto, and Silva (2004) and 
Sastry, Pao, and Sankaran (1980), respectively, show good agreement with the current test data at 538 °C. 
Fits for these data yield a creep exponent of 2.9 at intermediate stresses and 6.5 for higher stresses. There 
are insufficient points at very low stresses (1.e., below the viscoelastic threshold) to fit, but based on the 
trends at lower temperatures, the creep exponent should be very low as the fit line should be 
approximately horizontal at values of a minimum creep rate <1x10~ s”’. This is because shutdown of the 
viscoelastic response results in no creep. 

A similar plot is given in Figure 31(a) with the axes reversed. This plot was taken directly from Evans 
and Harrison (1983) for T1-6-4 with both an alpha/beta and primarily an alpha microstructure. Their fits 
are also reproduced in this figure. They noted no difference between the behaviors of the two different 
microstructures. The creep exponents from the tests at 500 °C are 4.1 for intermediate stresses and 7.6 for 
the higher stresses. These are similar to those from the 538 °C data shown in Figure 30. The exponents 
from Evans and Harrison are slightly higher, and this could be due to the temperature being 38 °C lower 
since the exponents increase with decreasing temperature. Both sets of data are superimposed in 
Figure 31(b) where only the fits from the Evans and Harrison data are shown, and they fit the current data 
for slightly lower temperatures. A fit of the very low stress data was performed at 538 °C, and the creep 
exponent was 1.6. 
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The activation energy for creep is given in Figure 32 along with data from two stress levels from 
Sastry, Pao, and Sankaran (1980). Their 164 MPa data compares reasonably well with ours at 117 MPa, 
and their 330-MPa data agrees with our 379-MPa data. The Sastry value for activation energy of 
188 kJ/mol at 164 MPa lies in between ours for a slightly higher stress level (246 kJ/mol at 241 MPa) and 
a lower stress level (179 kJ/mol at 34 MPa). It is observed in this figure that the creep rates at stress levels 
below the viscoelastic threshold (see Fig. 1 for threshold values) seem to fall on an extrapolation of the 
fits from the samples tested above the threshold in the viscoplastic regime. 


Relaxation 


A comparably time-dependent test to creep, yet typically much more repeatable, is the relaxation test. 
Herein a series of single and multistep relaxation tests were conducted. Typically, samples were loaded to 
a strain of 0.018 and allowed to relax for 24 h. A typical stress-strain response is shown in Figure 34 for 
temperatures of 427 and 538 °C. For any given temperature, the material typically relaxed to the same 
saturation stress, with this stress increasing as the temperature decreased. This is shown in Figure 35, 
where the relaxation behavior is given over the entire temperature range. At the higher temperatures, 
replicates were run and exhibited excellent reproducibility. As expected the scatter in relaxation 1s 
significantly less compared to that of creep, one reason being the equivalence of engineering and true 
stress since the cross-sectional area does not change during the relaxation. The relaxation behavior 
consists of the typical three regimes where there is a rapid drop of stress within the first 500 s. The second 
regime is a more gradual transition and occurs over an order of about 10 000 s. The final regime consists 
of very little change in stress with saturation (approximate plateau) occurring at a given temperature- 
dependent stress. This final stress value is termed the “saturation stress.” With increasing temperature, the 
transition region (stage 2) appears to occur over a longer timeframe. Moreover, at the temperatures of 200 
and 316 °C, the transition appears to be more abrupt; this may have to do with the dynamic strain aging 
occurring over this range of temperatures. It is also important to note that there is significant stress 
relaxation at room temperature yielding a 150-MPa difference between the maximum stress and the 
saturation stress (see Fig. 35(a)). Evans (1987) has shown a similar drop in stress for annealed T1-6-4 
when tested at room temperature. This irreversible time dependency is certainly reflected in the observed 
room-temperature creep, rate-dependent maximum tensile stress, and albeit very small rate-dependent 
moduli of titanium alloys. Although this affect is small, this room-temperature time dependence could be 
of issue, particularly over long periods of time. Stephens and Munford (1988) were concerned about the 
long-term relaxation of threaded joints, although they found that the amount of relaxation was not a 
significant amount for their application. Nonetheless, it is a behavior that may need to be considered when 
designing structures made of titanium. 

Since the tension behavior of T1-6-4 is loading rate dependent, one would expect the relaxation 
behavior to be rate dependent as well. Figures 36 to 40 document the relaxation behavior at a strain of 
0.018 for various temperatures and loading rates. Although difficult to see the trend in these figures, the 
saturation stress seems to be unaffected by loading rate. However, the range of relaxation definitely 
appears reduced for lower loading strain rates. This is clearly shown in Figure 41, where the relaxation 
range is normalized with respect to the maximum stress and plotted versus temperature. The normalized 
range is slightly smaller for slower strain rates, but this dependence is dwarfed by the temperature 
dependence of the normalized relaxation range. The magnitude of the normalized range reaches a 
minimum at 200 °C, probably a result of strain aging, and then increases at higher temperatures. 


NASA/TM—2016-218864 24 


The target relaxation strain appears to be of minimal importance in determining the saturation stress. 
Figures 42 and 43 show the 24-h relaxation behavior at 427 °C and strains of 0.006, 0.012, and 0.018 for 
both a fast and a slow loading rate. In neither case is the dissipation stress significantly different, having a 
value of approximately 200 MPa; however, more variability clearly exists when the loading rate is slower. 
Note again in these figures that there is excellent reproducibility in the data for repeat tests. The similarity 
of the relaxation behavior is better shown in Figure 44, where all the samples from the previous two 
figures would converge in the limit on the stress level of 200 MPa. The slower rate tests are a bit higher, 
which suggests that the amount of time necessary for full dissipation to occur is longer than for the fast- 
rate tests. This is consistent with the previous observation that slower loading rates produce less driving 
force for deformation mechanisms. The relaxation behavior is simply driven by the maximum stress (1.e., 
effective stress) attained during loadup, which is temperature and strain rate dependent. To help sort this 
out, the data were normalized in Figure 45 with respect to their maximum stresses. It can be observed that 
the slower rate tests again have a lower relaxation range (since a larger back stress @ is achieved during 
loadup) than for the fast-rate tests. There also appears to be no clear differentiation in range based on the 
strain level. This can also be seen in Figure 46. 

We conclude that the saturation stress is independent of strain level, but is a function of temperature 
and has a slight strain rate dependency. Moreover, the saturation stress appears to agree with the threshold 
stress value, Y, as indicated by comparing Figures | and 47(a). Considering that the exact value for Y was 
unknown for each of these samples, and an average had to be calculated from other samples, the stress 
threshold between reversible and irreversible behavior appears to be the lower limit for relaxation. This 1s 
further shown in Figure 47(b), where the instantaneous stress is normalized by the average value of Y. 
Given sufficient time to fully relax, all samples at all temperatures asymptotically reach a normalized 
value of 1. However, it can be seen in this figure that the 24-h relaxation time was insufficient to permit 
complete dissipation of the viscous mechanism. The higher the temperature, the more time was needed to 
reach full saturation, and it was estimated to require 48 h at 538 °C rather than the 24 h used in this study. 


History and Cyclic Effects 


The introduction of irreversible (e.g., plastic) deformation often leads to work hardening of an alloy, and 
this could in turn lead to changes in the subsequent deformation behavior; that is, a higher postdeformation 
strength (maximum stress) and less time-dependent behavior. However, it is not as clear what will happen if 
the load reverses or other more complicated deformations occur. Therefore it was important to conduct a 
series of tests that involved a deformation “history.” The first set involved multistep relaxation tests, with 
steps encompassing previously used strains of 0.006, 0.012, and 0.018 for easy comparison to the virgin 
state. In Figure 48 tests are shown that have various sequences of these target strains. Both samples relaxed 
at the strain of 0.006 (Fig. 48(b)) show excellent reproducibility due mainly to the fact that they are both 
virgin samples for this step. Both samples also fall short of the maximum stress when reloaded to a strain of 
0.012 (Fig. 48(a)) compared to the other two virgin tests at a strain value of 0.012. This difference (between 
virgin and prior-history tests) apparently disappears when the sample (31) is further strained to 0.018 (Fig. 
48(a)). Note that the sample with history relaxed at 0.012 (82) does not relax as much as the virgin sample 
relaxed at 0.012. This is due to the additional hardening (increase in back stress a) incurred during 
relaxation and reloading. However, both of these samples converge to the same saturation stress level after 
further straining to 0.018; albeit both are still lower than a virgin test and the sample (31) that was first 
relaxed at a low strain (0.006). The relaxation behavior at a strain of 0.018 is shown in Figure 48(d). The 
sample that relaxed the most was the virgin sample (87). All other samples shown in this figure relaxed less, 
thus indicating a hardened state (higher back stress) as compared to the relaxed virgin sample (87). The 
hardest sample was 82, which had relaxations at all three levels, and this hardening would be expected since 
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it had the most prior history. However, sample 31 only had a relaxation at the strain of 0.006, which is 
barely beyond the elastic range; and with another 0.012 plastic strain increment one might expect the prior 
history to be erased, yet this is not the case. This indicates that the effects of history are not that 
straightforward. This complexity necessitates additional mechanisms in the model, such as those 
representing hardening interacting with those describing recovery. 

Finally, in Figure 48(d) are curves from two fatigue samples (5 and 87B) that were subjected to 
50 cycles at +0.01 strain before relaxing at 0.018. These two curves illustrate their relaxation behavior to 
be slightly harder than the virgin sample’s, but softer than the step relaxation test samples’ behavior. Note 
that neither of the cycled samples displayed much if any cyclic hardening or softening over the 50 cycles, 
suggesting that there was minimal change in the deformation state during the fatigue process. It 1s 
interesting to note that the fatigue samples were monotonically strained to a strain of 0.01 during their 
first (and subsequent) cycles and yet they behave more like virgin samples than they do samples relaxed 
at monotonic strains of 0.006 and 0.012. 

When tested at slower strain rates, history affects the relaxation behavior less as shown in Figure 49. 
Although there seems to be a small rate effect for very small rate differences (6 vs. 8x10-’ s"') at a strain 
of 0.006 as shown in Figure 49(b), at the other two strain levels (Fig. 49(c) and (d)), prior history does not 
seem that significant. Presumably the lower loading rates give the samples sufficient time to adjust their 
internal deformation structure and reduce the effects of previous deformation. 

The effects of previous cycling on the relaxation behavior at 427 °C and 0.018 are shown in 
Figure 50. In this figure the dashed lines depict the virgin relaxation response, and the solid curves have 
prior history. Strain rates of 10° s"' and 1x10~ s" are represented in this plot. This figure indicates that 
the strain rate has a larger effect on the subsequent relaxation behavior than does the number of prior 
cycles. The rate of cycling also appears to have a minimal effect. 

Tests in load control often exhibit a rounding of the stress-strain curve at the point of load reversal. 
This can be observed in Figures 57(a) and 58(a) for fatigue and in Figures 60(a) and 61(a) for overload 
creep. The behavior, in which the inelastic strain continues in the direction of the original applied load, 
has been observed in type 304 stainless steel by Morishita et al. (1988) and attributed to an overstress as 
described by Krempl (1979). The overstress (or as many others call it, “effective stress’) is the difference 
between the applied stress and the back stress. Hence even upon unloading, if the applied stress is still 
larger than the back stress, the material will continue to flow in the same direction. 

Another possible explanation is that there is an inertial effect based on the rapid reversal at the peak. 
Examination of the stress-time curve (Fig. 60(b)) for the overload creep samples shows clean, crisp peaks 
indicative of a well-controlled test rig. However, the strain response is nonlinear because of the inelastic 
strain. Moreover, calculations of the strain rate show that it increases from the elastic regime up to the 
point of load reversal. This increase spans approximately one order of magnitude. It is possible that this is 
fast enough that the extensometer cannot keep up with the expected decrease in strain. Although, the data 
from Figure 60(c) indicate that the strain continued in the forward direction for 0.4 s after the load was 
reversed and this would seem to be sufficient time for the extensometer to catch up with the stress. 
Nonetheless, the dynamic response of the extensometer is near its upper reactivity limit at these rates. 

Note that this behavior does not appear in the overload-creep test at 538 °C (Fig. 62(a)). This 1s 
probably because the loading curve is nominally linear and very little inelastic strain has been incurred. 
The strain rate was also noticed to remain constant up to the load reversal at which point the rate 
decreased into the negative regime. It 1s suspected that with higher overload stresses, the forward-going 
behavior would return. In fact the fatigue test in Figure 57(a) and 427 °C shows rounded peaks and was 
loaded to a higher stress well past its oo.2. 
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Summary of Results 


The time and loading-rate dependence of deformation in the reversible regime was investigated and 
documented for annealed Ti-6A1-4V. Tensile, creep, and stress relaxation tests were performed over a 
wide range of temperatures and strain rates to be able to observe various amounts of time-dependent 
behavior. Additional tests were conducted that involved loading steps, overloads, dwell periods, and 
block-loading segments to characterize the interaction between plasticity and time-dependent behavior. 
These tests are in support of characterization of the GVIPS (generalized viscoplasticity with potential 
structure) viscoelastoplastic constitutive model, which will be used in life prognosis for aircraft engines. 
The salient features of this work are as follows: 


e The tensile behavior was found to be both temperature and loading rate dependent over the entire 
temperature regime of 20 to 538 °C, with larger contributions of time-dependent deformation 
occurring above 316 °C. 

e The time-dependent deformation was irreversible with a smaller fraction of deformation being caused 
by reversible mechanisms. The stress threshold delineating the boundary between reversible and 
irreversible regimes is referred to in the model as “Y,” and this value (or its strain equivalent) is 
referenced to the various load levels in these tests. 

e Creep amounts and creep rates were dependent on both the temperature and loading rate as well as the 
proximity of the creep stress to the yield points. The scatter in the yield points led to significant 
scatter in the creep responses. 

e Stress relaxation tests were performed over the entire range of temperatures at various strain rates and 
strain limits. 

o Temperature and strain rate affected the maximum stress and the amount of relaxation. Higher 
temperatures resulted in lower maximum stresses and more relaxation. Slower strain rates 
resulted in lower maximum stresses and less relaxation. 

o Given sufficient time, the stress tended to relax to the threshold stress, Y. 

o The material exhibits significant relaxation (150 MPa) even at 20 °C. 

e Cyclic loading under strain limits showed very minimal hardening or softening. A test conducted 
between zero and a maximum load exhibited extensive strain ratcheting in the tensile direction. This 
ratcheting appeared to be very similar to the deformation observed in monotonic creep tests under 
similar conditions. 

e Prior deformation tended to harden the material. In creep, prior deformation resulted in less creep and 
the minimalization or elimination of the primary regime. The creep rates were usually less for 
samples with prior deformation. 

e Thermal recovery resulted in an alteration of the subsequent creep behavior, with the effect being 
dependent on the stress level of recovery. If the recovery stress was sufficiently low, recovery would 
occur and result in less creep in the subsequent step with a minimal primary regime. If the recovery 
stress was too high, the sample would continue to creep during recovery and result in more creep 
during the subsequent step. 


Conclusions 


This study shows that Ti-6A1-4V experiences a significant amount of time-dependent deformation 
when subjected to loads. This is true even at low temperatures, although to a lesser amount than when 
tested above 316 °C. The deformation behavior is highly dependent not only on temperature, but also 
loading rate and prior deformation history. Deformation behavior at high temperatures is determined by 
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the interplay between hardening and recovery. Additionally, all of the deformation occurring at stresses 
above the threshold, Y, contain both reversible and irreversible behavior. Attempts at modeling the 
complex, time-dependent behavior can only be accomplished with a large number of modeling 
mechanisms that address the various regimes in which they are active. Consequently this requires a large 
number of tests to characterize such a model and multiple ways of examining the data. This study has 
accomplished this goal by conducting various mechanical tests over a very wide range of conditions and 
has generated a large and thorough database. These data will be used to characterize the GVIPS model, 
and can also be employed to characterize or verify any other constitutive model of interest. A future, final 
publication in this experimental study on T1-6-4 will address damage and failure. 


TABLE I—TEST SAMPLE MATRIX 


Sample | Test type’ | Strain rate, | Loadup | Strain level> | Stress level,” Comments* 
s | mode MPa 


20 °C 


[998 [Retain | 107 | seein || Pisa evnsy meme 
200 °C 
316°C 
2 | Tension [105 [stain [| asin 0.98 tin nonwoven) 
a 


Lo. 


ea ra) a — 
[79 [Tension [10 [Strain | [__[Tension o 0.199 strain; unload, with recovery 
[9 [Creep [10 [Suess [0005 [520 _[Unload, with 20-h recovery 
[creep [10° | stress [0.006 | 561 Unload, with 22-h recovery 

371°C 


427°C 


Relaxation with subsequent loadup; reload to 0.012 


and stop 


No unload or recovery 
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TABLE I.—Continued. 


Sample | Test type’ | Strain rate, | Loadup | Strain level> | Stress level,° Comments* 
SS mode MPa 


[69 | Tension [107 | Swain |__| [Tension o 0.198 strain; unload, with recovery 
[278 [Relaxation 107 | Swain |_| ____[Steprelaxation at 0.03 and 0.049 stain 
[27c [Tension [107 | Swain | [Test interupted t 0.11 stain 


7D Relacey 10°3 Strain Relaxation at 0.13 strain; failed at 0.139 on 
subsequent loadup 
0.006, 0.018 | 491,574 |Unload, with recovery 
0018 | 377 [Unload, with recovery 


0.018 Prior deformation + 50 cycles at +0.01 strain before 
relaxation 


[7 Greep [10> [stress [| 446—_—[Overioad to S14 MPa, then creep at 16 MPa 
[72 [Creep [107 [stress | 0007 | 527 _[Unload, with 4h recovery 
[7 [Creep | 10> [stress | 0.010 | 550 _[Unload, with 4h recovery 
[as [Creep [10> | stess | 0.018 | 591 _[Unload, with 4h recovery 
a 


0.018 ne 0.02 to 0.14 strain; unload, with 


0.025 Creep to failure (0.204 strain) with periodic unloads 


82 
63 
7 
72 
a *k 
45 
35 
87 ; 
88 Stress 0.016 Creep to 0.19 strain with periodic unloads 

36 0.004 Creep (thermal recovery); unload with recovery 
95 

23 

58 

78 
57 


Ry, = -120 cycles with 1-h creep holds at max. and 
min. stresses 


Tension with unloads every 0.01 to 0.20 strain 
Tension to failure (0.196 strain) 
= 0; failure at 130 683 cycles 


CF = 0, failure at 115 cycles 


[cor [107 [stress 


st [creep | 107] stress [0.008 
Se 
st [tor [107 | sess [ 
ss [tor [107 [sess [ 


Unload, with 29-h recovery 
No unload or recovery 
o = 0; failure at 9735 cycles 


R, = 0; interrupt at 580 948 cycles 
R, = 0; failure at 22 134 cycles 


R 
R 
R 


ae 
ane 
: 
c 
595 |= 04 
P ss (remo 
seo |e= 0 
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TABLE I.—Concluded. 


Sample | Test type’ | Strain rate, | Loadup | Strain level’ | Stress level,” Comments‘ 
s- mode MPa 


482 °C 


538 °C 
[90 [Relaxation] 6107 | Strain | 0018 | 151 [Unload, with recovery 
[asf Tenste [107 [Strain | |__| With unfoads every 0020 016 sain 


Ta [ter [107 [Swain | 0018 [d= Osrunto 176 cycles SSS 
[738 [Relaxation | 10° [ Stain | 0 | ‘(Recover for hat Ostrain SSS 
[7c | Tensite [10% | Swain | | [Tension to faire (0.142 sain) 
a [Tense [107 [stain [| —*Siterrupt a 0.0094 strain 
[97 | tensite [10° [| Strain [| | [Tension o future (0.128 tain) 
| 37 | Tensile | 5x10 | Strain | 0.014 | | Tension to 0.014 strain; reload to failure (0.10 strain) 
[708 | Tenite | sx107 | Stain | ‘| ———*(Tension to faure (177 aainy 


[rm ein] wr oe [ wom [Pacer =m 
ee ee 


te ate Creep, with unloads to 0.16 strain 

ee eee ee 
[39 | Tensite | 10° | Stain | | ____[Tension to faire (0.069 strain) 
C21 | Tensite [10° | Strain | | [Tension o faire (0.133 strain) 
[a9 | Tense [10° [stain |_| __[Tension with unloads every 0.01 up to 20 stain 


"LCF is low-cycle fatigue. 
>Values for response signal taken at end of loadup. 











°R, is load ratio, R, is strain ratio, and Ny 1s fatigue life. 
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TABLE IIl.—TENSILE PROPERTIES AS FUNCTION OF 
TEMPERATURE AND STRAIN RATE 
[Property values given with (standard deviation/number of tests). | 
Strain rate, 
go 
°C 


(a) Modulus, EF, GPa 


Temperature, 





mica | Sid SSSCSC~isSSC 
ssi) | «id —«*d OTD 


fais —*oraczmioy | 920 | ———~di TC) 
an | 60am) | i SS—~*d(OT) 
rasa oom) |) 
(b) Proportional limit, PL, MPa 
[Cd Tae | | SC~«~dIDCO) 
a0 S*d se.) Sidi SCOT) 
aie —~d a0 61.9) | SSSC~iSS~d CTY 
ani wasn) | —SidSSSS~s 2B OTL) 
rez asses) | | STON) 
538 | 94.3(23.2/19) | | 30.9(4.2/7)_ | 19.02.64) 
(c) 0.02% offset yield, 0.02, MPa 
[Cid CdSCCSC<“C~*~‘~— 
200 =i ao.) | SSSiSSSSS TOOT) 
aie =~ S92 0s) Is) | — asi.) 
an sorzausay | id) SS~«*dG 348.7) 
asa ios.) | 27.1 23.272) 
ras ages) | —~=«désCw GAT | 39.60.93) 
(d) 0.2% offset yield, 60.2, MPa 
[COO TSC~SC(‘“‘C;CO™C#*OYS 
200 SC~ atom) | SS~dSSSS~S 6 COTY 
aie =~ s86 52727) | ssc) | ————~dise2.a(only 
an ip saar@imy | «| SSS~w SI QOL) 
rasz i asggcasay | | 28 OI) 
sas a3 @a.enoy | —_—~( 25828716) [110.3008 
(e) Stress at 1.8% strain, 61.3, MPa 
road OdSS~«~ BOTY 
00 aso | ——S«dYSSS~S~S 659.2 CONIY 
fais —S*d aoa) | S~=*d RTC) | a34.9(O) 
an) 0330322 | —SidS~«* SBS CO) 
rsx Ci acid) | SCION) 
[sss —*d a75.4 26.71) | ~*~ 339.2 69S) | 150.71001 
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TABLE HI.—CONSTANT LOAD CREEP TEST MATRIX? 
[Equivalent strain rate of 10> s!.] 


Stress level, Temperature, 


me 
rt, | fxlx 


MPa 


<34 


irgin samples. 
[- iscoelastic threshold (Lerch and Arnold, 2014). 
Test also run at equivalent strain rate of 610-7 s"!. 


4An ““X” indicates tests that have been run. 





>Unfilled cells with “X” are tests of samples with prior history. 
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4 Dynamic modulus, Ep 

¢ Infinitely slow modulus, Es 

x Proportional limit (strain rate = 10-3 s-1), PL 
= Threshold stress, Y 


Rate independent (Es = Ep) Rate dependent (Es < Ep) 
<———Time dependent 3 Time dependent ————> 900 


- eee onal (he nee as 
800 
10 —_ b Irreversible 





a 
700 = 
SS 
& 80 600 a 
Oo o 
uj 500 % 
vv 60 z 
= 400 <£ 
nl on 
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= 40 300 = 
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100 
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Temperature, °C 
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0.14 0.19 
Homologous temperature, T/T 
Design space aE: Overtemp 


Figure 1.—Ti-6AI-4V time-dependent deformation modeling map (from Lerch and Arnold, 2014). 


Rolling 
direction 





Figure 2.—Three-dimensional microstructure of Ti-6-4 plate. 
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Figure 3.—Tensile behavior of Ti-6-4 at 20 °C as function of strain rate, showing 
proportional limits PL and threshold stress Y. 
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Figure 4.—Tensile behavior of Ti-6-4 at 200 °C at slow and fast strain rates, showing 
proportional limits PL and threshold stress Y. 
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Figure 5.—Tensile behavior of Ti-6-4 at 316 °C at different strain rates, showing proportional limits PL and threshold 
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Figure 6.—Tensile behavior of Ti-6-4 at 371 °C at slow and fast strain rates, showing proportional limits PL and 


threshold stress Y. 
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Figure 7.—Tensile behavior of Ti-6-4 at 427 °C and various strain rates, showing proportional limits PL and 


threshold stress Y. 
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Figure 8.—Tensile behavior of Ti-6-4 at 482 °C at slow and fast strain rates, showing proportional limits PL and 
threshold stress Y. 
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Figure 9.—Tensile behavior of Ti-6-4 at 538 °C and various strain rates, showing proportional limits PL and 
threshold stress Y. 
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Figure 10.—Tensile behavior of Ti-6-4 at strain rate of 10-3 s— for various temperatures, showing proportional 

















limits PL. 

1000 ) 

900 — a | aes Sample PL 

2 | — 20 89 x 

700 ome 200 56 x 
— 316 55 » 
= 600 + — 371 80 x 
) — 427 20 x 
6 Ky 
wn a00 — 482 22 x 
® 400 +- : : | — 538 90 x 
” 300 Y | 

200 

100 

0 
0 0.005 0.010 0.015 0.020 


Total axial strain, e 


Figure 11.—Tensile behavior of Ti-6-4 at strain rate of 6x10-/ s—1 for various temperatures, showing proportional 
limits PL. 
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Figure 12.—Young’s modulus E of Ti-6-4 as function of temperature and strain rate. 
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Figure 13.—Proportional limit PL as function of temperature and strain rate for Ti-6-4. 
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Figure 14.—Classic yield strength O09 92 of Ti-6-4 as function of temperature and 
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Figure 15.—Classic yield strength 09 9 of Ti-6-4 as function of temperature and 
strain rate. 
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Figure 16.—Maximum stress at 0.018 strain 64 g forTi-6-4 as function of temperature 
and strain rate. 
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Figure 17.—Creep response of Ti-6-4 at 316 °C and equivalent strain rate of 10-3 s—1 for various stress levels. 
(a) Stress as function of total axial strain, showing proportional limit PL and threshold stress Y. (b) Total axial 
strain as function of time, showing maximum reversible strain ef (=Y/Exs, where Eg is infinitely slow modulus). 
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Figure 18.—Creep response of Ti-6-4 at 427 °C and equivalent strain rate of 10-3 s—1 for various stress levels. 
(a) Stress as function of total axial strain, showing proportional limit PL and threshold stress Y. (b) Total axial 
; : ; see ES de ay hee 
strain as function of time, showing maximum reversible strain e,,,, (=Y/Es, where Eg is infinitely slow modulus). 
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Figure 19.—Creep response of Ti-6-4 at 538 °C and equivalent strain rate of 10-3 s—1 for various stress levels. 
(a) Stress as function of total axial strain, showing proportional limit PL and threshold stress Y. (b) Total axial 


strain as function of time, showing maximum reversible strain ¢ 


R 
max 


(=Y/Es, where Eg is infinitely slow modulus) 


and ratio between creep stress 6 and proportional limit PL. (c) Total axial strain as function of time, enlarged. 
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Figure 19.—Concluded. (c) Total axial strain as function of time, enlarged. 
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Figure 20.—Creep response of Ti-6-4 at creep stress 6 = 241 MPa and equivalent strain rate of 10-3 s—1 for 
various temperatures, giving relationship of 6 to 0.02% yield point 6g 92, proportional limit PL, and threshold 
stress Y. (a) Stress as function of total axial strain. (b) Total axial strain as function of time. 
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Figure 21.—Creep response of Ti-6-4 at creep stress 6 = 379 MPa and equivalent strain rate of 10-3 s—1 for 


various temperatures, giving relationship of 6 to 0.02% yield point 6g 92, proportional limit PL, and threshold 
stress Y. (a) Stress as function of total axial strain. (b) Total axial strain as function of time. 
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Figure 22.—Creep response of Ti-6-4 at creep stress G6 = 517 MPa and equivalent strain rate of 10-3 s—1 for 


various temperatures, giving relationship of o to 0.02% and 0.2% yield points 6g g2 and Oo 2, respectively, 
and threshold stress Y. (a) Stress as function of total axial strain. (b) Total axial strain as function of time. 
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Figure 23.—Creep response of Ti-6-4 at creep stress G6 = ~550 MPa and equivalent strain rate of 10-3 s—1 for 


various temperatures, giving relationship of 6 to 0.02% and 0.2% yield points Op 92 and Og 2, respectively, 
and threshold stress Y. (a) Stress as function of total axial strain. (b) Total axial strain as function of time. 
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Figure 24.—Creep response of Ti-6-4 at creep stress G = 586 MPa and equivalent strain rate of 10-3 s—! for 
two temperatures, giving relationship of 6 to 0.2% yield point 0.2. (a) Stress as function of total axial strain- 
(b) Total axial strain as function of time. 
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Figure 25.—Effect of loading rate on creep response of Ti-6-4 at 538 °C and 103 MPa. (a) Stress as function of 
total axial strain, showing proportional limit PL and threshold stress Y. (b) Total axial strain as function of time, 
showing relationship of creep stress c to 0.02% and 0.2% yield points Gg 92 and op 2, respectively, and Y and 
showing maximum reversible strain ae (=Y/Es, where Eg is infinitely slow modulus). (c) Axial creep strain 


as function of time, showing relationship o to Gp 92, 69.2, and Y. 
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Figure 26.—Effect of loading rate on creep response of Ti-6-4 at 427 °C and two creep stress levels o. (a) Stress as 
function of total axial strain, showing proportional limit PL and threshold stress Y. (b) Total axial strain as function 
of time, showing relationship of Y, G, and 0.2% yield point og 2; proportional limit PL; and maximum reversible strain 

ef. (=Y/E,, where Eg is infinitely slow modulus). (c) Axial creep strain as function of time, showing relationship 


of G and 0.2% yield points og 2, proportional limit PL, and threshold stress Y. 
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Figure 27.—Creep response of Ti-6-4 at 427 °C and equivalent strain rate of 10-3 s—1 for various stress levels o. 
Comparison to Zerwekh's (1978) data, showing maximum reversible strain ey (=Y/Es, where Y is threshold 
stress and Ez is infinitely slow modulus). 
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Figure 28.—Creep response of Ti-6-4 at 482 °C and equivalent strain rate of 10-3 s—1 for various stress levels, 
showing maximum reversible strain ef... (=Y/E,, where Eg is infinitely slow modulus). Comparison to 
Zerwekh's (1978) data. 
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Figure 29.—Creep response of Ti-6-4 at 538 °C and equivalent strain rate of 10-3 s~1 for various stress levels, 
showing maximum reversible strain ce. (=Y/Es, where Eg is infinitely slow modulus). Comparison to 
Zerwekh's (1978) data. 
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Figure 30.—Minimum creep rate é, of Ti-6-4 at strain rate of 10-3 s—1 as function of applied stress G. 
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Figure 31.—Stress dependence on minimum creep rate @, of Ti-6-4 (from Evans and Harrison, 1983). 
(a) Creep data from Evans and Harrison, showing creep power law exponent n. (b) Comparison with 
data from current study (Superimposed onto lines from part (a)). 
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Figure 32.—Creep activation energy H of Ti-6-4 at various stress levels. 
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Figure 33.—Minimum creep rate of Ti-6-4 as function of back stress a, showing creep power law exponent n. 
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Figure 34.—Stress relaxation of Ti-6-4 at 0.018 strain for two temperatures at applied strain rate 
of 10-3 s-1, showing saturation stress ogat, proportional limit PL, and threshold stress Y. 
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Figure 35.—Stress relaxation of Ti-6-4 at 0.018 strain (applied strain rate of 10-3 s—1). (a) Temperature 
dependence, showing threshold Y for selected temperatures. (b) Normalized against maximum stress Omay. 
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Figure 36.—Stress relaxation of Ti-6-4 at 20 °C and 0.018 strain for slow and fast applied strain 
rates, showing proportional limit PL and threshold stress Y. 
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Figure 37.—Stress relaxation of Ti-6-4 at 200 °C and 0.018 strain for slow and fast applied 
strain rates, showing proportional limit PL and threshold stress Y. 
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Figure 38.—Stress relaxation of Ti-6-4 at 316 °C and 0.018 strain for slow and fast applied 
strain rates, showing proportional limit PL and threshold stress Y. 
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Figure 39.—Stress relaxation of Ti-6-4 at 427 °C and 0.018 strain as function of applied 
strain rates, showing proportional limit PL and threshold stress Y. 
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Figure 40.—Stress relaxation of Ti-6-4 at 538 °C and 0.018 strain as function of applied strain 
rates, showing proportional limit PL and threshold stress Y. 
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Figure 41.—Stress relaxation range of Ti-6-4, normalized against maximum stress Oma, at 0.018 
strain as function of temperature at various applied strain rates, where ga; is saturation stress. 
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Figure 42._—Stress relaxation of Ti-6-4 at 427 °C and applied strain rate of 10-3 s—1 for various 
strain levels, showing proportional limit PL and threshold stress Y. 
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Figure 43.—Stress relaxation of Ti-6-4 at 427 °C for various strain levels and slow applied strain rates, 
showing proportional limit PL and threshold stress Y. 
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Figure 44.—Comparison of fast- and slow-rate-loaded stress relaxation at 427 °C and various strain levels 
for Ti-6-4, showing proportional limit PL and threshold stress Y. 
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Figure 45.—Stress relaxation of Ti-6-4 at 427 °C for different strain levels and applied strain rates, normalized 
against maximum stress. 
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Figure 46.—Stress relaxation range of Ti-6-4 at three strain levels, normalized against maximum stress 
Omax, as function of temperature for various applied strain rates, where Ggat is saturation stress. 
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Figure 47.—Stress relaxation of Ti-6-4 at 0.018 strain and strain rate of 10-3. (a) Stress at 
various temperatures, indicating ranges of threshold stress Y. (b) Normalized against Y 
as function of time for various temperatures. 
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Figure 48.—Stress relaxation of Ti-6-4 at 427 °C and strain rate of 10-3 s—1 for different hold strains, showing 
effect of prior relaxation. (a) Step relaxation at 0.006, 0.012, and 0.018 strain, showing threshold stress Y. 
(b) Virgin samples at 0.006 strain, showing Y. (c) At 0.012 strain, showing Y. (d) At 0.018 strain, showing Y. 
(e) Normalized against maximum stress. 
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Figure 49.—Stress relaxation of Ti-6-4 at 427 °C and slow strain rates. (a) At 8x10-/ strain rate, including relaxations 
at 0.006, 0.012, and 0.018 strain, showing threshold stress Y. (b) Normalized against maximum stress; relaxation 
at 0.006 strain. (c) Normalized against maximum stress; relaxation at 0.012 strain. (d) Normalized against maximum 


stress; relaxation at 0.018 strain. 
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Figure 50.—Stress relaxation of Ti-6-4 at 427 °C and strain of 0.018 at different strain rates, showing effect of prior 
load cycles. (a) Relaxation curves showing threshold stress Y. (b) Normalized against maximum stress. 
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Figure 51.—Stress relaxation of Ti-6-4 at 0.018 strain, strain rate of 10-3 s-1, and various temperatures, showing 
effect of prior relaxation steps. (a) Showing threshold stress Y. (b) Normalized against maximum stress. 
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Figure 52.—Stress relaxation of Ti-6-4 (sample 12) for 24 h at 538 °C and 
strain rate of 10-9 s—1: recovery at 0 strain for 24 h. (a) As function of 
total axial strain. (b) At 0.018 strain and recovery at 0 strain. 
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Figure 53.—Hysteresis loops for Ti-6-4 (sample 5) fatigued at 427 °C, 
+0.01 strain, and 10-3 s-1 strain rate for selected cycles, showing 
threshold stress Y. 
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Figure 54.—Hysteresis loops for Ti-6-4 (sample 40) fatigued at 427 °C, 
+0.01 strain, and 10-° s—’ strain rate for selected cycles, showing 
threshold stress Y. 


NASA/TM—2016-218864 7 


600 7 


400 


200 7 


Stress, o, MPa 


-200 


—400 





—600 
—0.015 -—0.010 -0.005 0.000 0.005 0.010 0.015 


Total axial strain, e 


Figure 55.—Hysteresis loops for Ti-6-4 (sample 74) fatigued at 538 °C, 
+0.01 strain, and 10-3 s-1 strain rate for selected cycles, showing 
threshold stress Y. 
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Figure 56.—Hysteresis loops for Ti-6-4 (sample 73) fatigued at 538 °C 
and 10-9 s—1 strain rate between 0 and 0.018 strain for selected cycles, 
showing range of threshold stress Y. 
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Figure 57.—Fatigue of Ti-6-4 (sample 58) in load control at 427 °C and 10-3 s-1 strain rate 
between 0 and 640 MPa for selected cycles; failure at N= 115 cycles. (a) Stress as function 
of total axial strain, showing threshold stress Y. (b) Axial strain versus time. Creep (sample 87) 


at similar maximum stress Oma x is shown for comparison. 
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Figure 58.—Fatigue of Ti-6-4 (sample 59) at 427 °C and 10-3 s—1 strain rate between 0 and 600 MPa for 
selected cycles; failure at Ns= 9735 cycles. (a) Stress as function of total axial strain, showing threshold 
stress Y. (b) Axial strain versus time during fatigue compared to creep at similar maximum stress. 


NASA/TM—2016-218864 


74 


400 


300 





Range of Y 






































200 Cycles, 
N 
a 100 ae 
= — 2 
Sp HOR — 20 
w” 
” 
2 
A —100 —— Recovery 
—200 
—300 
—400 
—0.006 -0.004 -0.002 0.000 0.002 0.004 0.006 0.008 
Total axial strain, e 
0.007 
(b) 
— | Cycles, 
sess | N 
0.006 Seep recesses nes <7. 
2a --- 1 (virgin) 
~ — ee ee ae 2 
See ill. . See eee — 
‘© 0.005 Senne 7 
= fy ~== Virgin sample 57 
S 0.004 --- Virgin sample 49 
3° 
2 
0.003 
Range of ef... 
0.002 
0 500 1000 1500 2000 2500 3000 3500 4000 
Time, s 
ose (c) During maximum tensile 
stress holds: 
SSeS eee Cycles, 
o ater esse naw « N 
© ant eee --- 1 (virgin) 
00 ——— > ~seeanentcce — 2 
5 ase aI = 20 
- yee 
oo < 7 wre" : ~-~ Virgin sample 57 
o J Or --- Virgin sample 49 
@ 0.0010 fe 
a fo" During maximum compressive 
0.0005 1f/” stress holds: 
, Cycles, 
N 
0.0000 , ees Ft aS 1 
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 «+. 2 
eB Raia 20 


Figure 59.—Fatigue of Ti-6-4 (sample 96) at 427 °C, 10-5 s-1 strain rate, and +375 MPa for selected cycles. (a) With 
stress holds at the maximum and minimum stresses, showing threshold stress Y. (b) Creep during the maximum 
stress holds compared to that of virgin samples, showing maximum reversible strain ee (=Y/E,, where Eg is 
infinitely slow modulus). (c) Creep during maximum stress holds compared to that of virgin samples. 
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Figure 60.—Creep tests of Ti-6-4 at 316 °C. (a) Stress as function of total axial strain, showing 0.2% yield point Go 2, 
0.02% yield point 69 g2, proportional limit PL, and threshold stress Y. (b) Stress response of sample 19, showing 
stress overload followed by creep at 553 MPa. (c) Axial strain and strain rate during overload for sample 19. 

(d) Creep behavior, indicating creep rate @, at end of time creep stage. (e) Creep behavior with zero reset at each 
step. (f) Creep behavior with zero reset and accumulated strains. 
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Figure 60.—Concluded. (d) Creep behavior, indicating creep rate €, at end creep stage. (e) Creep behavior with 
zero reset at each step. (f) Creep behavior with zero reset and accumulated strains. 
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Figure 61.—Creep tests of Ti-6-4 at 427 °C. (a) Stress as function of total axial strain, showing 0.2% yield 
point 6p 2, 0.02% yield point Gg g2, proportional limit PL, and threshold stress Y. (b) Axial strain and strain 
rate during overload for sample 7. (c) Creep behavior, indicating creep rate é, at end of creep stage and 
showing maximum reversible strain grey (=Y/Es, where Y is threshold stress and Eg is infinitely slow 
modulus). (d) Creep behavior with zero reset. (e) Creep behavior with zero reset and accumulated strains. 
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Figure 61.—Concluded. (d) Creep behavior with zero reset. (e) Creep behavior with zero reset and accumulated 
strains. 
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Figure 62.—Comparison of Ti-6-4 overload-creep sample 64 and virgin sample 76 at 538 °C and strain rate of 
10-3 s-1, (a) Stress as function of total axial strain, showing proportional limit PL, 0.02% yield point 69 92, and 
threshold stress Y. (b) Creep behavior, showing maximum reversible stress Ba (=Y/E,, where Eg is infinitely 
slow modulus). (c) Creep strain, showing creep rate @c. 
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Figure 63.—Thermal recovery of Ti-6-4 at 427 °C, 375 MPa, and strain rate of 10-9 s—1. (a) Stress as function 
of total axial strain, showing threshold stress Y and thermal recovery at 69 MPa. (b) Total axial strain, showing 
range of maximum reversible stress er x (=Y/Es, where Eg Is infinitely slow modulus). (c) Creep strain, 
showing creep rate é; after 8 h. 
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Figure 64.—Thermal recovery of Ti-6-4 at 427 °C, 575 MPa, and strain rate of 10-9 s-1. (a) Stress as function 
of total axial strain, showing threshold stress Y and thermal recovery at 69 MPa. (b) Total axial strain, showing 
range of maximum reversible stress ef ay (=Y/Es, where Eg Is infinitely slow modulus). (c) Creep strain, 
showing creep rate é, after 8 h. 
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Figure 65.—Thermal recovery of Ti-6-4 at 538 °C, 243 MPa, and strain rate of 10-3 s~1. (a) Stress as function 
of total axial strain, showing proportional limit PL and threshold stress Y. (b) Creep behavior, showing range 
of maximum reversible stress ef. (=Y/Es, where Eg is infinitely slow modulus). (c) Creep strain. 
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Appendix A.—Symbols 


major axis of ellipse 

minor axis of ellipse 

sample diameter 

static modulus 

dynamic modulus 

infinitely slow modulus 

axial strain 

eccentricity 

axial creep strain 

transverse creep strain 

saturation strain 

transverse strain 

relaxation strain 

loading strain rate 

creep rate 

activation energy 

low-cycle fatigue 

number of load cycles 

fatigue life, failure 

power law creep exponent 

proportional limit 

strain ratio 

load ratio 

rolling (axial) direction 

temperature 

melting point 

transverse direction, perpendicular to RD 
ultimate tensile stress 

uniaxial threshold stress 

hexagonal close packed (hcp) phase in titanium 
back stress 

body-centered cubic (bcc) phase in titantum 
face-centered-cubic (fcc) phase in nickel-base superalloys 
ordered fcc phase in nickel-base superalloys 
irreversible strain after achieving full recovery 


reversible strain 


maximum reversible strain 


maximum strain 
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os minimum strain 


K threshold stress in shear 
Vv Poisson’s ratio 

vy! inelastic Poisson’s ratio 
Oo stress 


Omax | maximum stress 

Omin minimum stress 

Oo creep friction stress 

Osat saturation stress 

6002 0.02 percent yield point 
00.2 0.2 percent yield point 


O1.8 maximum stress achieved at 1.8 percent strain 
Oo applied stress level 
G loading stress rate 
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Appendix B.—Definitions 


Anisotropic—Material properties are dependent on material direction. 

Associative model—Flow and/or evolution equations are normal to a potential function derived from the 
yield surface. Fully associative is when both the flow and evolution laws are normal to the same, 
rather than two separate, potential functions. 

Back stress—Internal state variable that measures the resistance to slip acting in the reverse direction of 
the applied shear. 

Dynamic (instantaneous) modulus (E'p)—Material stiffness associated with the fastest loading rate 
possible. This is the stiffness produced when all time dependency of the material is retained. An 
upper bound on the modulus at a given temperature. 

Inelastic strain—Portion of the strain that is not reversible (1.e., elastic). Permanent deformation. 

Infinitely slow modulus (£'s)—Material stiffness when loaded at an extremely slow rate (all time 
dependency of the material has been dissipated). The lowest possible modulus at a given temperature. 
Any static hold test conducted within the viscoelastic regime should dissipate to a stress-strain point 
on this modulus line. 

Irreversible deformation—Deformation that remains in the material after load removal, usually associated 
with the creation of dislocations and their tangles. Permanent deformation. 

Isotropic—Material has the same properties in all directions. 

Nonunified model—Model that separates (partitions) time-dependent (1.e., creep) and time-independent 
(i.e., plastic) strains. 

Orthotropic—Material exhibits different properties in three mutually perpendicular directions. 

Permanent deformation—Remaining (1.e., irreversible) deformation after the load has been removed. 
Non-zero stress (strain) after returning to zero strain (stress). 

Plastic strain—Time-independent, permanent deformation. 

Prior history—Complete path of deformation that created the current material state. 

Proportional limit (PL)—Deviation from linear elastic behavior (elastic limit). It is the first point at which 
a sufficient quantity of material starts to flow and incurs measureable permanent deformation. At 
elevated temperature this value is rate dependent. 

Rate dependence—Properties are a function of loading velocity (strain rate), generally being larger with 
higher rates. 

Recovery—Process in which dislocations rearrange to lower the strain energy in the crystal. Mechanism 
can be deformation- or thermal-driven processes. 

Reversible deformation—Deformation that can be eliminated (recovered) through either time- 
independent (elastic) or time-dependent (viscoelastic) mechanisms. 

Saturation stress—Equilibrium stress that remains after dissipation of all rheological mechanisms. Often 
refers to the asymptotic stress after relaxation. 

Threshold stress—Series of points in multiaxial space that define the boundary between fully reversible 
(viscoelastic) and irreversible (viscoplastic) deformation. The analog of yield surface for time- 
independent processes. The threshold associated with shear, «, or its uniaxial equivalent, Y, is a 
function of temperature and is rate independent. 

Time dependence—Properties change with time. Normally refers to hold (dwell) times during creep and 
relaxation where either the stress or strain are held fixed and the other varies with time. 

Unified model—Model that treats both time-independent and time-dependent irreversible strains as a 
single quantity. 
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Viscoelastic—Material behavior that contains both elastic and viscous components, where the viscous 
component is time dependent due to the dissipation of rheological mechanisms. Viscoelasticity 1s 
fully reversible. Often referred to in the literature as “‘anelastic” or “delayed elastic” response. 

Viscoelastoplastic—Containing elements of both viscoelastic and viscoplastic deformation. 

Viscoplastic—Material behavior consisting of inelastic flow. The deformation is rate and time dependent 
(involving higher magnitudes as temperatures increase) and results in permanent, irreversible 
deformation. 

Yield points—Engineering definitions usually defined as the stress at a percent offset from the elastic 
line. The most common offsets are 0.02 and 0.2 percent strain. 
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Appendix C.—Transverse Strain Behavior 


Throughout this experimental program transverse strains were measured in the hopes of providing 
additional data to verify the multiaxial capability of the viscoelastoplastic model put forth by Arnold and 
Saleeb (see Arnold et al., 2009). Unfortunately, Ti-6-4 ended up exhibiting more anisotropic behavior 
than initially anticipated, thus making the verification of the isotropic formulation of the present GVIPS 
model problematic. However, the transverse strain measurements are still informative and are worthwhile 
discussing. Herein, only a selected sample of the full test matrix strain behavior in the transverse direction 
is provided, which best illustrates the wide range of transverse behavior encountered. A summary of the 
specific tests selected from the full test matrix is given in Table IV. 

Because the degree of anisotropy observed was not initially anticipated, the specimen orientation with 
respect to the plate from which these were machined was not maintained. Although the longitudinal axis 
of the samples was aligned with the final rolling direction, the orientation of the other two plate directions 
was not controlled. Hence, transverse measurements were not conducted in a way that was optimal for 
complete interpretation of the results. Yet important and interesting information regarding the transverse 
behavior of T1-6-4 was observed and is provided to assist anyone wanting to design and conduct a series 
of specific experiments to better understand the anisotropic irreversible behavior of alloys in future 
experimental studies. 

Most of the tests were conducted with an optical micrometer to measure transverse strain. This device 
measured a single diameter at one plane along the gage length. Details of the micrometer (Fig. 66) can be 
found in the report on the viscoelastic results (Lerch and Arnold, 2014). The rig setup had the micrometer 
head on the left and right side of the test frame. This would then measure the sample diameter, which ran 
front to back in relationship to the load frame. The axial extensometer was placed on the front of the 
sample such that the extensometer probes would be pointing in the direction of the measured diameter, or 
90° to the micrometer. Most of the diameter measurements were taken just above the top extensometer 
probe since the micrometer required line-of-sight to the sample and both the extensometer probes and the 
induction heating coil interfered with measurements. Near the end of the test program the micrometer 
heads were lowered such that the sample diameter was measured closer to the midgage between the 
extensometer probes. For corroboration of both transverse strain and Poisson’s ratio, posttest diameter 
measurements were taken at several locations on the sample using an optical comparator. 

Given measurement of both the axial and transverse strain, Poisson’s ratio can be theoretically 
calculated, assuming isotropy, as 


va (1) 


where e; is transverse strain and e is axial strain. As pointed out in the previous publication (Lerch and 
Arnold, 2014) the Ti-6A1-4V material used in this study had a moderate rolling texture resulting in 
directional properties as evidenced by the dynamic modulus shown in Figure 67. The modulus in the 
transverse direction is 12 percent larger than in the rolling direction and this difference is maintained over 
the 700 °C temperature range of measurement. As the amount of deformation increases the anisotropy 
becomes more prominent as indicated by the change in cross section from circular to elliptical shown in 
Figure 68(a). A change in cross-section geometry in anisotropic T1-6-4 has been documented in the 
literature (Yang, Su, and Bai, 2000). Neither can we handle anisotropy in the current model nor did we 
keep track of the transverse material directions of each sample with respect to the parent plate of T1-6-4. 
All we know 1s the rolling direction corresponds to the axial (longitudinal) direction of the sample. Thus, 
the assumption of isotropy and Equation (1) does not strictly hold in this case. However, given no other 
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choice and since the amount of eccentricity in the cross section is minimal at small levels of deformation, 
we will continue to treat the material as isotropic throughout this paper as was done in the prior 
publication (Lerch and Arnold, 2014). The anisotropy is important in describing the behavior, and so the 
final cross section of the sample has been plotted for each test in this appendix and oriented with respect 
to the test rig and both extensometers. An example of this can be observed in Figure 68(b) where a highly 
eccentric ellipse is shown representing the posttest sample cross section and its orientation with respect to 
the test rig. In this plot the major axis’ of the ellipse coincidently coincides with the diameter being 
measured by the transverse micrometer and is indicated by the two-headed arrow. The length of this 
diameter 1s 


d =2a =5.54mm (2) 


where d is the measured final diameter after the test and a is the length of the major axis of the fitted 
ellipse. The diameter at 90° to this is only 3.92 mm, yielding an eccentricity, e, of 0.71. Note in this 
experimental setup the axial extensometer fits on the front of the sample (270° from the x-axis) with its 
probes pointing toward the back of the test rig parallel to the major axis. Figure 68(a) also shows a photo 
of the broken sample depicting the localized neck. Since the neck is close to the upper radius of the 
sample (top-right corner of the photo), it is likely that most of the deformation in this neck was captured 
by the transverse micrometer for this sample. Flow lines can also be observed on the surface of the 
specimen running parallel to the sample’s axis. 

The stress-strain curves for a simple tensile test conducted at 427 °C and at a strain rate of 0.001 s" is 
shown in Figure 69(b). The engineering stress is plotted as a function of both the axial and transverse 
strain. Note that the transverse strain will normally be represented as an absolute value for ease of display. 
This specimen failed at an axial strain of approximately 20 percent and a transverse strain of 0.06. The 
cross section 1s shown in Figure 69(a) and depicts a strongly eccentric (€ = 0.86) cross section with its 
major axis rotated 125° from the x-axis. Thus, the diameter being measured for transverse strain 
calculations by the micrometer is fairly representative of the major axis. Based on this specimen 
orientation, the transverse strain will show less change (less of a reduction in diameter) over the test 
compared to what the minor axis would exhibit if the sample were rotated 55° more and the minor axis 
diameter had been measured. 

Figure 69(b) also shows the change in Poisson’s ratio with axial strain (Poisson’s ratio will always be 
plotted as a function of total axial rather than transverse strain in this appendix). Poisson’s ratio begins in 
the elastic regime at a constant value of 0.34 and increases to a value of 0.44 at an axial strain of 0.048. 
Poisson’s ratio then decreases to a value of 0.32 at failure. A similar change in Poisson’s ratio during 
tensile testing has been shown by Stang, Greenspan, and Newman (1946) for both aluminum and steel 
alloys. Note again that this is the Poisson’s value associated predominately with the major axis. If the 
diameter for the minor axis had instead been measured, the value of Poisson’s ratio at failure would have 
been 1.13 as calculated from the posttest diameter measurements. This indicates the influence of 
anisotropy on the deformation and the care needed to interpret the transverse strain data. It is important to 
point out that the value for axial strain used to calculate Poisson’s ratio was always taken as the value 
measured by the axial extensometer at midgage. Therefore, it represents the strain average over a 13-mm 
gage length and does not include potentially higher strains in any localized neck (although the midgage 
strains may be affected by the localized neck through shielding of the strains). 


“It is assumed that the major and minor axis correspond to the transverse planes of the original plate. Regardless, this 
assumption does not influence the results discussed herein. 
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The value for the maximum stress (UTS) occurs at an axial strain value of 0.105 and a transverse strain 
of 0.044. However, the maximum Poisson’s ratio occurs at a value of 0.048 axial strain as depicted in the 
figure. This suggests that Poisson’s ratio may be a more sensitive indicator of damage during the test than 
the maximum stress (the point at which localized necking occurs). Another representation of this 1s shown in 
Figure 70, where strain and Poisson’s ratio are plotted as a function of test time. Note that the maximum 
stress occurs at a time of 106 s into the test, whereas the Poisson’s ratio peaks at a test time of 48 s. 

Deformation behavior for a creep test performed at 427 °C, a loading rate of 0.001 s”', and a stress 
level of 591 MPa (the creep tests are always conducted under constant load), is shown in Figure 71. This 
sample was loaded to the desired creep stress, held for 24 h, unloaded to zero load, and maintained at zero 
load in load control for 4.5 h to recover. Since this sample was loaded past the oo.2, it exhibited a large 
amount of time-dependent creep strain during the creep period with the initiation of tertiary creep at a 
total axial strain of 0.10. This axial strain is identical to the strain coinciding with the UTS in Figure 69 
for the sample tensile tested at the same temperature and strain rate. This would suggest that the tertiary 
creep coincides in this sample with the beginning of a localized neck. Any indication of tertiary creep in 
the transverse strain response is difficult to observe. There is still a good amount of transverse strain 
(0.08) accumulated during the total creep period, which corresponds to a Poisson’s ratio at the end of the 
24-h creep period of 0.62. The cross-sectional area (Fig. 71(a)) shows a lower eccentricity (0.32) than for 
the previous tensile test, which may be expected since the final creep strain attained was only half the 
value of the final tensile strain. The orientation of this sample had its major axis parallel to the x-axis. 
Hence the diameter being measured for transverse strain was that of the smaller or minor axis. This was 
also one of the samples where the diameter was measured near midgage and remote from a barely visible 
localized neck near the top radius. The difference in diameter posttest at these two locations was 5.86 mm 
at midgage compared to 5.72 mm at the localized neck. This equates to transverse strains at the midgage 
and neck of 0.075 and 0.097, respectively, and Poisson’s ratios of 0.66 and 0.86, respectively. Note that 
the value of Poisson’s ratio at the end of recovery is 0.64 as shown by the midgage optical micrometer 
value depicted in Figure 71(b) and confirms the posttest reading. 

Figure 71(c) shows the strain behavior for the first 20 s of this test. Both strains increase linearly 
during the elastic region. At the yield point (~6 s) the strains increase at a more rapid rate. The Poisson’s 
ratio follows a similar pattern. In this figure the Poisson’s ratio was represented 1n the elastic region by a 
constant value of 0.41 (calculated by fitting the linear stress-strain curves and dividing the moduli) to 
eliminate the large variability of Poisson’s ratio in this regime. Starting at yield Poisson’s ratio increases 
to 0.56 by the end of loading. It then jumps to 0.60 during the first second of creep. This jump can also be 
observed in both of the strain values. Poisson’s ratio continues to increase to a maximum of 0.64 
(Fig. 71(b)) after approximately 18x10° s, which corresponds with the change from primary to secondary 
creep depicted by the axial strain behavior. Thereafter, Poisson’s ratio decreases slightly during continued 
creep to a final value of 0.62. The creep portion of the strains during the creep period is shown in 
Figure 71(d), where the strains due to loading have been removed. The curves have a similar shape to the 
total strains shown in Figure 71(b). Work on concrete by Mazzotti and Savoia (2002) has shown an 
increase in Poisson’s ratio during compressive creep to values over 0.5. However they did not show any 
decrease in Poisson’s ratio with continued creep. 

During the sample unload, both strains decrease (Fig. 71(b)), where the decrease in transverse strain 
corresponds with an increase in the sample diameter. The transverse strain decreases less than the axial 
strain, resulting in a concomitant increase in the Poisson’s ratio. During recovery at zero load, both strains 
exhibit a small, gradual decrease in value with a corresponding slight increase in Poisson’s ratio. 

To explore the effects of plasticity on creep, the sample shown in Figure 72 was loaded to a value of 
514 MPa and unloaded to a stress value of 446 MPa (overload creep), followed by a 24-h creep period. 
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Thereafter the sample was unloaded to zero load and held for 24 h to recover. This sample was oriented 
such that the major axis of the cross section was 143° from the x-axis (Fig. 72(a)), which implies that the 
diameter measured for transverse strain 1s an average between the major and minor diameters. The 
eccentricity for this sample was only 0.18, consistent with the fact that the axial strain incurred in this 
sample was low, only on the order of 0.02, and much less than the deformation exhibited by the previous 
two samples. This deformation was sufficient to project the sample into the secondary creep regime, but 
not large enough to result in tertiary creep during the 24-h period. The behavior of the strains and 
Poisson’s ratio shown in Figure 72(b) is similar to that shown in Figure 71(b) for the higher stress creep 
test. An enlargement of the first 20 s of the test shown in Figure 72(c) also depicts a similar behavior to 
that shown in Figure 71(c). There are, however, two features that are different from that of the previous 
creep sample. The first is obviously the stress overload portion of the test. This resulted in a decrease in 
the axial and transverse strain upon unloading as well as a slight increase in Poisson’s ratio. It is 
interesting to note that the value for Poisson’s ratio in the beginning of this test did not deviate much from 
the elastic value of 0.36. This is inconsistent with the results from the prior creep test (Fig. 71(c)) which 
yielded Poisson’s values up to 0.55 during loading. One contributing factor for this is that the current 
sample was loaded to much lower strains. Equivalent strains in the previous test also failed to alter the 
Poisson’s ratio (see Fig. 71(c)). Another contribution could be specimen orientation. The previous sample 
was coincidentally oriented to measure the minor axis (1.e., the one that would show the most decrease in 
diameter) for the transverse strain. The current sample is oriented such that an average of the major and 
minor diameters is measured, resulting in less diametric change for the same axial strain. 

The second feature that is absent 1n this test is the sudden jump in strains and Poisson’s ratio during 
the first second of creep. This is probably due to the reduction in deformation (lower strains) during 
loadup in this sample and maybe a corresponding reduction in forward-going momentum of both the test 
rig and the sample deformation. However, it could also be a consequence of the overload portion of this 
test, which would tend to harden the sample and reverse the direction of deformation going into the creep 
period. 

The behavior of the creep strains for this test is shown in Figure 72(d) and is consistent with the total 
strains shown in Figure 72(b). The amount of creep strain observed in this sample is an order of 
magnitude less than what was observed for the higher stress creep test shown in Figure 71(d). However, 
the creep strains from both tests were a significant portion of the total strain for the axial, and particularly 
for the transverse, strains. 

It 1s significant to note that the value of Poisson’s ratio during creep in this sample continually 
increases with time, albeit at a continually decreasing rate. This is in stark contrast to the values for the 
previous sample in which Poisson’s ratio reached a maximum after 14 000 s and then slowly decreased 
until the end of the creep dwell. Moreover, the attainment of the Poisson’s maximum in the previous test 
(Fig. 71(b)) did not coincide with the beginning of the tertiary creep regime, but significantly earlier at the 
transition from primary to secondary creep. That would suggest that creep in the overload sample 
(Fig. 72(b)) did not quite reach the secondary regime during the 24-h creep period since its Poisson’s 
value is still increasing although approaching a maximum. Note that the final Poisson’s ratio after creep is 
0.61, almost as high as for the maximum occurrence during creep of the previous sample. This may imply 
that the transition from primary to secondary creep may be defined by a specific value of Poisson’s ratio. 

The next test investigates the creep behavior at multiple stress levels. The creep stresses are applied in 
a stepwise fashion, and each are maintained for an 8-h (28 800-s) period. Three successively increasing 
stresses (372, 441, 476 MPa) were applied followed by a fourth step that decreased the value to 372 MPa, 
the same as the first stress level. After the last creep period, the sample was unloaded to zero load and 
held for 24 h to recover. The strains and Poisson’s ratio results are shown in Figure 73. For this test the 
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orientation of the sample consisted of the major axis being rotated 11° from the x-axis. The eccentricity 
for this sample was 0.14 (Fig. 73(a)), which is even smaller than the previous sample and 1s a bit 
surprising since the total axial strain observed in Figure 73(b) is larger (albeit minimally) than the 
previous sample. The diameter measured for the transverse strain represents predominantly the minor 
axis, or the dimension that would deform the most in the cross-sectional plane. 

Both axial and transverse strains exhibit a linear increase during the first loadup (Fig. 73(c)), 
indicating that the first creep level is below the proportional limit. Both strains increase gradually during 
the loadups and the subsequent creep periods. The creep during the first period is primary creep. For the 
second and third periods, there 1s a primary region transitioning to secondary creep. For the fourth 
(unload) period, the creep behavior is secondary with no primary region observed. With each change in 
the creep load the sample displays less primary creep and a more defined secondary section. During load 
increases, both strains increase as expected and decrease during the unloading section. 

Poisson’s ratio exhibits a slight increase with time once creep at the first stress level commences. The 
value starts from an elastic value of 0.33 and reaches 0.61 at the end of this first creep period. During the 
load increase to the next stress level, Poisson’s ratio decreases in contrast to the increasing strain 
behavior. The opposite behavior occurs during unloading, as has been shown, immediately before the 
recovery period at the end of the tests. This behavior is consistent with the previous tests. During the 
creep portion of this test Poisson’s ratio increased overall from 0.33 to 0.89 and further increased during 
unloading and recovery to a final value of 1.04. This is the highest value of Poisson’s ratio observed thus 
far in this study, which is unexpected since the total axial strains observed 1n this test are substantially 
lower than both the tensile tests in Figure 69 and the creep test in Figure 71, neither of which had a 
Poisson’s value higher than 0.64. However, the posttest diameter measurements on this sample indicate 
that the value for Poisson’s ratio for the major axis diameter was 0.33 and more in agreement with those 
from the other tests. This again indicates the influence of the material anisotropy, necessitating careful 
monitoring of the transverse planes. 

The creep strains at each creep stress level for each step are plotted in Figure 73(d). It is significant to 
note that the axial and transverse creep strains are nearly identical. This result goes against the classic 
assumption of deviatoric creep strain for metals, assuming isotropic material, which implies Poisson’s 
ratio is 0.5. The value for the inelastic Poisson’s ratio, v is shown in the figure, where 


a (3) 


Here, e-, 1s the creep transverse strain, and e; is the creep axial strain. The inelastic Poisson’s ratio begins 
at 0.86 for the first creep stress level and increases at each stress level thereafter, with its highest value 
being 1.44 during the final stress of 372 MPa. 

Figure 74 depicts the behavior of a step relaxation test in which the sample was loaded to 0.012 axial 
strain, relaxed for 24 h, reloaded to 0.018 strain, relaxed for another 24 h, and finally unloaded to zero load 
and recovered at zero load in load control for 24 h. This sample was eventually stepped further to failure. 
However only the first two steps will be shown here. The cross-sectional ellipse (Fig. 74(a)), however, 
represents the large deformation of the sample taken to failure. The cross-sectional orientation shows the 
major diameter being aligned at 90° to the x-axis. This orientation allows the transverse strain to be 
measured as the full major axis. Hence the measured diameter shows the least reduction during the test. 

The stress-strain curves are shown in Figure 74(b) for both the axial and transverse total strains. 
Although the stress-axial strain response appears as a normal relaxation curve, the transverse strain curve 
displays an unexpected behavior. During the relaxation behavior, the transverse strain is shown to 
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increase slightly (diameter decreases) over the relaxation period. Since the axial strain is controlled and 
being held constant, 1t does not vary during relaxation. The transverse strain however, is not controlled 
and does not remain constant. Since this curve represents the strain along the major axis, we would expect 
the minor axis to show even more change during the relaxation periods. Unfortunately only the one axis 
was measured during any given test. 

Poisson’s ratio is also shown in Figure 74(b) versus the total axial strain. Its value begins at a constant 
of 0.26 in the elastic region and remains the same up to the first relaxation strain of 0.012 as expected 
based on prior results (Fig. 72). At this point Poisson’s ratio slowly increases as the stress relaxes. It is 
during this time that the transverse strain is also slightly increasing. This can be better observed in 
Figures 74(c) and (d) in which the values are plotted versus time. Furthermore, in Figure 74(d) the axial 
strain has been removed and the y-axis expanded for easier depiction of the transverse strain. The 
transverse strain does increase during relaxation, although by a very slight amount. Nonetheless, it is large 
enough to increase the value of Poisson’s ratio from 0.25 to 0.33 during the first relaxation period. During 
the subsequent loadup to a relaxation strain of 0.018, both the axial and transverse strains increase leading 
to a slight decrease in the value of Poisson’s ratio, as has been pointed out for prior tests. During the 
second relaxation at 0.018 strain, Poisson’s ratio again increases from a value of 0.29 to 0.34 at the end of 
the 24-h hold. Subsequent unloading to zero load results in the usual increase in Poisson’s ratio until it 
reached 0.36, and it appears to remain constant throughout the recovery period. Note that the value of 
Poisson’s ratio are small within this test sequence and only changes by Av = 0.1 throughout the test. This 
is not unexpected since the total axial strain is no larger than 0.018, and given the sample orientation we 
would expect the transverse strain that was measured (1.e., major axis) to give the smallest change around 
the circumference of the specimen. 

The next two test examples describe the development of transverse strain under cyclic loading. 

Figure 75 represents a fatigue test with a positive mean stress. This test was conducted under load control 
between stress values of 0 and 640 MPa. Because of its high maximum stress value (the maximum strain 
in the first cycle was 0.065), the life was very low and the sample fractured at 115 cycles. Figure 75(a) 
shows the sample’s cross section at two different locations. One is at the top radius where the transverse 
strain was measured. It had a small eccentricity of 0.23. The other cross section was measured posttest at 
midgage, where the sample had a localized neck resulting in fracture. Here the eccentricity is larger at a 
value of 0.52. Surprisingly, the major axes in both locations are different. There is a 48° rotation between 
the two major axes. Figure 75(b) shows the strain responses for two cycles, N = | and N = 100. During 
the first cycle both the axial and transverse strains increase to larger values (0.02 for the transverse strain) 
and then decrease slightly upon unloading to zero load. Because of the tensile mean stress and the 
elevated test temperature of 427 °C the sample experienced strain ratcheting up to failure (see Fig. 57 in 
the main text). Hence the strains slowly increased over each cycle until failure. It can be observed in 
Figure 75(b) that the strain values for V = 100 are larger than for NV = 1. The transverse strain at V = 100 
(and all cycles after V = 1) shows very little change over the cycle varying from strains of 0.034 to 0.037. 

Poisson’s ratio is plotted for six noncontiguous cycles (Fig. 75(c) and (d)) throughout the test. 
Poisson’s ratio is highest (v = 0.30) for cycle 1 and decreases very slightly and consistently for each cycle 
thereafter until it reaches 0.28 at cycle 100. It appears that Poisson’s ratio remains constant during any 
given cycle. Note the significant noise in Poisson’s ratio at the beginning of the first cycle. This 1s typical 
for all tests and 1s the reason why the individual data points for Poisson’s ratio were replaced in the elastic 
regime with a constant value calculated from the stiffness of both the axial and transverse stress-strain 
curves. 

Figure 75(d) displays Poisson’s ratio as a function of cycles over the life of the test. In this figure 
Poisson’s ratio (— e, | e) was calculated at the maximum strain value of each cycle. This plot shows that its 
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value remains approximately constant throughout the life of the sample. This is similar to what is shown 
in the previous figure considering that the values in Figure 75(d) seem to contain more variation. 
Nonetheless, both plots suggest that Poisson’s ratio would not be a good indicator of impending damage 
during fatigue since there 1s minimal change over the samples’ lifetimes. It is possible that during the last 
15 cycles (101 to Ny= 115) that there is a sudden and dramatic change in Poisson’s ratio. However, this 
test was not designed to pick up on such a response. The consistency of Poisson’s ratio over the 100 test 
cycles was not expected since the specimen incurred a total axial strain of 0.13 during this time due to 
ratcheting. That is a large amount of deformation and large enough to expect a significant change in 
Poisson’s ratio. For comparison, the tensile test in Figure 69 had a large change in Poisson’s ratio up to 
0.13 strain as did the creep test in Figure 71. 

The second fatigue test was cycled for only 20 cycles between stresses of +375 MPa (Fig. 76). At 
both extremes a 1-h dwell time was inserted, allowing the sample to creep in either tension or 
compression (see Fig. 59 in main text). The cross section 1s not plotted for this test because the amount of 
permanent deformation was too small to cause much of an elliptical shape. The values for both major and 
minor axes (3.16 mm) are nearly identical, resulting in an eccentricity of only 0.04. Total strains are 
plotted over a cycle for both N = 1 and N = 20 in Figure 76(a). What is actually visible in this figure are 
the strains developing during creep. The load reversals (load and unloads) occur quickly and appear as 
vertical lines in this figure. The transverse strains are a bit higher (absolute value) under tension loading 
compared to the compression portion of the cycle, resulting in values of .0026 and .0014 at the end of the 
N= 1 and N= 20 creep periods, respectively. There is no distinguishable change in the transverse strain 
behavior between the first and the last fatigue cycle for either portion of the cycle. At the end of the last 
cycle, the specimen was unloaded to zero load and held for 24 h to recover. Both the transverse and axial 
strain returned close to zero (104 and —140 microstrain, respectively). 

Poisson’s ratio is calculated over the cycle for NV = | and N = 20 and shown in Figure 76(b). As in the 
last figure, vertical segments in this figure represent the change in direction of load, whereas the data in 
between the vertical lines depict the change in Poisson’s ratio during the creep portion of the cycles. Two 
methods were used to calculate Poisson’s ratio in the figure: (1) calculations using Equation (1) at each 
data point and (2) calculations by fitting the axial and transverse strain curves and then taking the ratios of 
these equations at each point. The fits result in less noise; however, they tend to exhibit more irregularity 
as a result of unsatisfactory curve fits. Nonetheless, both methods give similar trends. Poisson’s ratio 
appears to remain constant during the tensile-creep portion of the cycle and is equal to the value in the 
elastic regime (0.39) during the first loadup. This 1s expected since the maximum stress is just barely out 
of the linear regime (see Fig. 59(a) in main text). Under compressive creep the value for Poisson’s ratio 1s 
much lower (0.3). This could be due to the fact that these tests were conducted under constant load and 
not constant stress. Hence stresses in compression are slightly smaller because of the small increase in the 
cross-sectional area from Poisson’s expansion. It can also be observed in this figure that the values for 
Poisson’s ratio for cycles VN = 1 and N = 20 are largely unchanged. Considering the low load levels and 
the few cycles in this test, much damage would not be expected to occur over a mere 
20 cycles and hence any change in Poisson’s ratio would not either, as was indeed experienced. 

The remaining figures show test results from a tensile sample tested at a higher temperature of 
538 °C. At this temperature rate effects and time dependency are much greater and could cause a different 
deformation and damage behavior to occur than at the 427 °C. The specimen was oriented (Fig. 77(a)) 
such that the major axis was at a 170° angle to the x-axis. Thus, the measured diameter was almost 
entirely due to contributions from the minor axis and would depict the largest change during the test. The 
eccentricity of this sample was rather large at 0.65. Figure 77(b) displays stress-strain curves for both the 
axial and transverse directions as well as the Poisson’s ratio response. This sample failed in tension at an 
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axial strain of 0.075. Note, however, that the transverse strain reached a value of 0.21, nearly three times 
higher than the axial strain. An enlargement of the strain axis 1s given in Figure 77(c) and indicates that 
Poisson’s ratio increases from the elastic value of 0.3 fairly rapidly until most of the work hardening had 
exhausted itself at an axial strain of approximately 0.015. From that point until an axial strain of 0.05, 
Poisson’s ratio increased at a much slower rate. At an axial strain of 0.05, which is the point at which the 
UTS occurs, the value for Poisson’s ratio increases dramatically, reaching values of over 3.0 at the end of 
the test. The reason for these high Poisson’s values are as follows. 

Figure 77(d) shows a photograph of the sample during the test and immediately before failure. The 
photo has been rotated 90° for ease of viewing and thus the load is applied in the photo in the horizontal 
direction. In this photo the induction heating coils can be observed at the far right and far left of the 
picture. In between the two groups of coils are the alumina extensometer probes which measure the axial 
strain.’ This sample has been painted to apply a speckle pattern, which was measured using an optical 
photogrammetry system capable of showing full field strains. The results from such a system will be 
discussed shortly and compared to the results from other measurements systems. It 1s observed that a 
localized neck has formed in the sample near the right induction coils. This neck 1s obviously outside of 
the gage length measured by the extensometer probes. Within the gage length, the diameter in the plane of 
the photo is constant, indicating that the deformation is uniform and no localized neck exists between the 
probes. However as one moves further to the right and outside of the gage, the localized neck begins to 
result in a smaller diameter. In this particular test, the diameter for the transverse strain was measured at 
the location of the neck and therefore measures nearly the largest reduction in diameter. This is why the 
transverse strain in Figure 77(b) is so much larger than the axial strain. After-test measurements of the 
diameter at this neck resulted in a calculated transverse strain of 0.284. While this is slightly larger it 1s 
not far from the transverse strain shown in Figure 77(b) as measured by the optical micrometer. This 
indicates that the micrometer was not quite measuring at the minimal diameter, but slightly to the left of 
this location where the diameter is a bit larger. Posttest readings using an optical comparator of two other 
locations on the specimen are indicated in Figure 77(e). The calculated transverse strains at these two 
locations, termed “near-neck” and “midgage,” are 0.084 and 0.046, respectively, significantly less than 
what was measured with the optical micrometer. 

In Figure 77(e) the transverse strains are plotted versus time over the life of the test. Note that the 
strains are plotted in this figure with their correct sign (negative). Measurements taken from the optical 
micrometer are from the localized neck and very close to the minimal cross section. As indicated 
previously, the final strain from this measurement is very close to the posttest reading taken at the 
minimum cross section (see “neck reading”). The posttest readings at the “near-neck” and “midgage”’ 
locations are also given. Also in this figure is a straight line representing the transverse strain measured 
with the photogrammetry system. This strain was calculated from a virtual 5-mm strain gage placed 
midgage. Note that the final value of transverse strain in the midgage area is only 0.03, significantly lower 
than at the localized neck. This generally agrees with the posttest measurement in this area of 0.046. The 
stress-transverse strain curve using the photogrammetry values are also plotted in Figures 77(b) and (c) 
and show a more expected relationship (smaller strains) with respect to the axial strain curve. 

Since the transverse strain values are dependent on the location of measurement along the sample (as 
well as around the circumference), the value of Poisson’s ratio will also be location dependent. The values 
of Poisson’s ratio are plotted in Figure 77(f). The values calculated from the optical micrometer (which 
were shown earlier in Figures 77(b) and (c)) are represented. The final value at fracture for Poisson’s ratio 
of 3.4 is given by this measurement method and basically agrees with the value of 4.15 calculated from 


3Note that the apparent notches in the sample as if due to probe indentation are only shadows. No divots were 
observed as a result of the attached extensometer. 
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the posttest reading at the minimum cross section (neck reading). Furthermore, Poisson’s ratio measured 
posttest at midgage yielded a value of 0.67, which is more realistic for a fully plasticized, isotropic 
material where we would expect a value of 0.5. 

Poisson’s data are also plotted in Figure 77(f) that were measured using photogrammetry during the 
test. These values were calculated using virtual strain gages located in the gage section. Both virtual axial 
and transverse gages were used. The value of Poisson’s ratio by this method yielded values of 0.5 within 
the elastic region. These values are larger than what was measured (0.29) by a simple ratio of the 
stiffnesses from the stress-axial strain and stress-transverse strain curves (also shown) and measured using 
the extensometers. At a test time of 10 s the sample begins to yield and the transverse strain (Fig. 77(e)) 
and Poisson’s ratio (Fig. 77(f)) for the two different measurement systems started to deviate from one 
another. This is due to the measurement location for each diameter. As shown in the ellipse plot 
(Fig. 77(a)), the optical micrometer measures the smaller diameter approximately equal to the minor axis, 
whereas the photogrammetry measures the diameter represented by the red arrow inside of the ellipse, 
which is closer to the major axis. Because of the anisotropy of the sample, the two systems measure 
different values: the optical micrometer measures a larger change than that of the photogrammetry. 

As shown in Figure 77(e), the transverse strain measured by photogrammetry shows a linear decrease 
over the life of the test. A decrease in Poisson’s ratio as calculated by this measurement system also 
shows a linear, continual decrease (Fig. 77(f)). Poisson’s ratio at midgage (photogrammetry) decreases 
from 0.40 at the inception of yielding to 0.35 at failure. In contrast, both the transverse strain and 
corresponding Poisson’s ratio as measured by the optical micrometer increase throughout the test with a 
significant increase occurring just prior to failure. 

This behavior is further substantiated by the photogrammetry results shown in Figure 77(g) where the 
sample diameters are shown as a function of axial strain. The full-field images indicate that the initial 
diameter of the sample is 6.35 mm and is relatively constant around the circumference of the sample. 
These full-field images document the diameter values over a 90° section of the circumference, where the 
left side of the image represents the left side of the sample (minus x-axis) and the right side depicts the 
front of the sample. As the sample continues to deform, the left side of the sample maintains a larger 
diameter (major axis) than the right side (minor axis). Immediately before failure, the left side has a 
diameter of 6.27 mm, whereas the front of the sample (right side) has a diameter of 6.12 mm. These 
convert to transverse strains (absolute) of 0.013 and 0.036 and Poisson’s ratios of 0.17 and 0.48, 
respectively. The plot in Figure 77(h) shows the radius as a function of axial strain at three locations 
along the measured circumference of the sample, where the locations of these measurements are shown 
with dots on the full-field images. The plot shows that the diameter on the right side (front of the sample) 
decreases at a faster rate than the diameter on the left side (left side of the test rig). The diameter in the 
center (at a 45° angle in quadrant III of the ellipse plot, Fig. 77(a)) 1s intermediate to the other two 
locations. These results are consistent with the ellipse shown in Figure 77(a). Furthermore, the plot 
suggests that the radii deform more uniformly up to axial strains of approximately 0.02, which 1s also 
shown in Figure 77(e) by the overlay of the transverse strain taken from both photogrammetry and the 
optical micrometer up to the time of 20 s. 

The full-field photogrammetry images in Figure 77(f) also indicate that the location of the localized 
neck at the top of the sample contains the smallest diameters. As this neck becomes more pronounced 
(1.e., more deformation), the photogrammetry fails to register these readings as indicated by the shorter 
full-field view (Fig. 77(g)) at the higher axial strains. This is because the speckle pattern applied to the 
sample becomes too distorted and tends to peel off the sample, preventing proper tracking of these points. 
This can be observed to some extent in Figure 77(d) where the pattern is distorted in the region of the 
localized neck (between the right most extensometer probe and the right set of induction coils). 
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Although isotropic metals are assumed to have values of Poisson’s ratio that reach 0.5 for constant- 
volume deformation (Koester and Franz, 1961), many of the values in the previous graphs exceeded this 
value. To verify that these large values were correct, two additional checks were employed. The first was 
to examine the residual transverse strain at room temperature after the test. These values were then used 
for comparison against the values measured at the end of the test. An optical comparator was used to map 
the cross-sectional area of the posttest samples at three points along the gage length and calculate a 
corresponding permanent transverse strain through the diameter change, Ad/do. The second method 
employed a photogrammetry system, in which a full-field strain image of the sample gage was captured at 
various strains throughout the test. Axial and transverse strains could be measured for numerous virtual 
strain gages, and Poisson’s ratio calculated from these values. A summary of all of these measurements is 
given in Table V, where each of the values under the header, “Test values,” represents the last data point 
taken during the test, and those under “Posttest Values” are from the measurements of the permanent 
sample dimensions taken at room temperature after the test. The final column in this table, “Gage 
information,” gives observations regarding the status of the sample gage, which has been shown to 
influence the strain readings. Note that all of these samples deformed to elliptical cross sections similar to 
that shown in Figure 68. 

All of the methods showed consistency of measured values. However, because of sample anisotropy 
and the location of the measurement of transverse strain on the sample, various values of both strain and 
Poisson’s ratio could be obtained. First, due to the texture observed in this material, the sample cross 
section did not remain circular, but changed into an ellipse. Hence the transverse strain (calculated from 
the change in sample diameter) became a function of the location of measurement around the 
circumference of the sample. When the transverse strain was taken from the major axis of the elliptical 
cross section, the magnitudes of transverse strain were lower than if the minor axis had been measured. In 
cases where there was a high value of eccentricity to the cross section, which occurs at large levels of 
deformation, this difference was more extreme. Since Poisson’s ratio is calculated from the transverse 
strain, Poisson’s ratio also varied around the sample circumference. Technically an anisotropic calculation 
to Poisson’s ratio should have been used, but this would have required tracking of the major and minor 
axes during the test, and this was far beyond the scope of this work. Only the isotropic calculation as 
given in Equation (1) was used. Note that in this calculation the axial strain is also required, and the value 
used for this was always measured using the axial extensometer. This gave an average value for axial 
strain measured over the 12.7-mm gage length centered along the specimen’s length. Local values for 
axial strain as would be measured using photogrammetry could be much different and greatly affect 
Poisson’s ratio. 

Anisotropy has been shown in other investigations to both alter the cross-sectional shape during 
deformation (Yang et al., 2000) and to yield Poisson’s values larger than 0.5 (Ozyhar, Hering, and Niemz, 
2013; Taniguchi and Ando, 2010; Povolo and Bolmaro, 1985). In two studies of time-dependent effects in 
wood, highly orthotropic deformation was observed with Poisson’s ratio ranging from —1.0 to 0.94 in 
creep of beech wood (Ozyhar, Hering, and Niemz, 2013). Creep in Japanese cypress (Taniguchi and 
Ando, 2009) yielded values of up to 0.8. Both works indicated that Poisson’s ratio increased during creep, 
similar to what was observed in this study. Moreover, both of these investigations showed viscoelastic 
behavior of wood, which was reported to fully recover after unloading the sample to zero load. 

Povolo and Bolmaro (1985) investigated the elastic Poisson’s ratio for both cubic and hexagonal 
metal single crystals and showed that it was very dependent on the crystal orientation. Values as high as 
0.95 were found in sodium whereas in another crystallographic direction the value was —0.73. 

This leads to the second reason for apparent anisotropy in the sample, and this was reflected by the 
location of strain measurements along the length of the gage. At high values of deformation, a localized 
neck formed. This resulted in more eccentricity in the cross section as a consequence of nonhomogeneous 
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deformation. The amount of transverse strain was highly dependent on where it was measured with 
respect to the nadir of the localized neck. Technically speaking, Poisson’s ratio should have been 
calculated based also on the local values of axial strain rather than an average measured by the 
extensometer, and this may have yielded more realistic numbers closer to the 0.5 value expected for 
uniform and fully plastic deformation. Furthermore, once a localized neck forms, deformation becomes 
nonuniform, the strain is no longer accurately controlled in the neck, and the condition is no longer a 
plane strain case. Therefore these discussions on strain and Poisson’s ratio have been greatly simplified. 

These results show that the transverse strain and Poisson’s ratio are very sensitive to the local 
conditions. Unfortunately, the location of the neck and subsequent failure are unknown prior to testing, 
and therefore measuring the minimal diameter during the test is fortuitous. In theory photogrammetry 
could do this, but the large degrees of deformation cause the dot pattern to either distort or fall off of the 
sample, rendering these areas unmeasurable. This could possibly be fixed by developing a more coherent 
dot pattern. Clearly more work has to be done up front to develop tests to investigate these issues. Part of 
the problem is the small size of the sample. While typical for most material tests on metals, the 152-mm 
length greatly restricts the amount of gage available for measurement. Once a heating system 1s added, 
there is very little direct line of sight to the sample for use with photogrammetry. Furthermore, the larger 
the field of view, the poorer the resolution of the system. 

It was observed that Poisson’s ratio increased during unloading of the specimen and decreased during 
loading of the specimen as shown in the step creep test in Figure 73(b). This was independent of the 
location of strain measurement. This was not expected since both the axial and transverse strain are either 
increasing or decreasing simultaneously. An increase in Poisson’s ratio was always observed during 
unloading to zero load prior to recovery, and it continued to increase very slightly during recovery. 

It has been suggested that Poisson’s ratio is more sensitive to damage in the sample than stress or strain 
(Wang, Laird, and Rahka, 1988; Mazzotti, and Savoia, 2002; Zhaoxia, 1994]. Although damage is the topic 
of a future paper, some comments can be gleaned from the current work. First, the tensile test shown in 
Figure 69 implies that Poisson’s ratio peaks long before the maximum stress (UTS) can be observed in the 
stress-strain curves. Also, Poisson’s ratio peaked during the transition from secondary to tertiary creep as 
shown 1n Figure 71(b); this transition is commonly associated with either the formation of a localized neck 
(Barboza, Moura Neto, and Silva, 2004) or the formation and coalescence of internal creep voids (Sasikala, 
Ray, and Mannan, 2004; and Levy, 1986). Works on concrete (Mazzotti and Savoia, 2002; and Zhaoxia, 
1994) indicate that damage due to cracking results in Poisson’s values above 0.5 and leads to an increasing 
larger value of Poisson’s ratio with continued axial strain similar to that shown in Figure 77(b). 

During the two fatigue tests shown here, no change was observed in Poisson’s ratio during the test. It 
is believed that insufficient data collection for the test shown in Figure 75 prevented capturing of any 
change that may have occurred nearer to the point of failure. For the second cyclic test, the amount of 
deformation was too small (only a few cycles and at very low cyclic strains) to cause any damage in the 
sample and induce any change in Poisson’s ratio. The relationship between Poisson’s ratio and damage in 
Ti-6A1-4V will be further investigated and reported at a later time. 
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TABLE IV.—SELECTED TESTS TO BEST ILLUSTRATE TRANSVERSE STRAIN BEHAVIOR OF Ti-6-4 


o = 372, 441, 476, 372 MPa; 
F ’ ’ ’ ’ 


Step relaxation Figure 74 Figure 48 e =0.012 and 0.018; 
T=427°C 
i } ; Ao = 0 to 640 MPa; 
Cyclic test F 75 F 57 : 
F=407°E 
Ao = +375 MPa; 
Dwell fati Fi 76 Fi 59 f 
T=427°C 


Tensile (necking) Figure 77 | Figured 9 e =10%s1!; T= 538 °C 


ae is strain rate, 7 is temperature, o is stress, and e is relaxation strain. 





TABLE V. 4  . AND POISSON’S cs VALUES 
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radius 
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Figure 66.—Test rig setup. 
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Figure 67.—Dynamic modulus Ep for Ti-6-4 samples in short transverse (TD) and 
rolling (RD) directions, indicating elastic anisotropy. 
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Figure 68.—Cross section of Ti-6-4 tensile sample at 427 °C, failed under loading. (a) Showing elliptical shape. 
(b) Elliptical shape of sample, indicating orientation of major (a) and minor (b) axes with respect to right side 
of test frame and giving eccentricity e. 
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Figure 69.—Tensile test of Ti-6-4 sample 23 at 427 °C and strain rate of 10-3 s—1. (a) Sample cross section 
and rotation, indicating orientation of major (a) and minor (b) axes with respect to right side of test frame and 
giving eccentricity e. (b) Loading curves showing ultimate tensile stress (UTS) and maximum Poisson's ratio v. 
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Figure 70.—Strain-time plot for tensile test of Ti-6-4 at 427 °C, showing ultimate tensile stress (UTS) and 


attainment of maximum Poisson's ratio v. 
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Figure 71.—Creep test of Ti-6-4 sample 45 at 427 °C, 591 MPa, and strain rate of 10-3 s—1. (a) Sample 
cross section and rotation, indicating orientation of major (a) and minor (b) axes with respect to right 
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side of test frame and giving eccentricity e. (b) Axial and transverse strain and Poisson's ratio v. 
(c) Enlargement of loadup from part (b). (d) Creep strain for both axial and transverse directions. 
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Figure 71.—Concluded. (c) Enlargement of loadup from part (b). (d) Creep strain for both axial and 
transverse directions. 
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Figure 72.—Overload (514 MPa) and creep (446 MPa) test of Ti-6-4 sample 7 at 427 °C and strain rate of 
10-3 s—1. (a) Sample cross section and rotation, indicating orientation of major (a) and minor (b) axes with 
respect to right side of test frame and giving eccentricity e. (b) Axial and transverse strain and Poisson's 
ratio. (c) Enlargement of loadup from part (b). (d) Creep strain after 514 MPa overload for both axial and 
transverse directions. 
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Figure 72.—Concluded. (c) Enlargement of loadup from part (b). (d) Creep strain after 514 MPa overload 
for both axial and transverse directions. 
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Figure 73.—Step creep test of Ti-6-4 sample 49 at 427 °C and strain rate of 10-3 s—1. (a) Sample cross section 
and rotation, indicating orientation of major (a) and minor (b) axes with respect to right side of test frame and 
giving eccentricity e. (b) Axial and transverse strain and Poisson’s ratio. (c) Enlargement of loadup from part 
(b). (d) Creep strain for both axial and transverse directions, listing inelastic Poisson's ratio y/ (= —eeo, where 
eh is inelastic transverse strain and é, is inelastic axial strain) for each step. 
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Figure 73.—Concluded. (c) Enlargement of loadup from part (b). (d) Creep strain for both axial and transverse 
directions, listing inelastic Poisson’s ratio v! (= -e//ec, where ef is inelastic transverse strain and €¢ is inelastic 
axial strain) for each step. 
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Figure 74.—Step relaxation test of Ti-6-4 sample 27 at 427 °C and strain rate of 10-3 s-1. (a) Sample cross 
section and rotation, indicating orientation of major (a) and minor (b) axes with respect to right side of test 
frame and giving eccentricity e. (b) Stress-strain curves (axial and transverse) and Poisson’s ratio. (c) Axial 
and transverse strain and Poisson's ratio. (d) Enlargement of transverse strain from part (c). 
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Figure 74.—Concluded. (c) Axial and transverse strain and Poisson's ratio. (d) Enlargement of transverse 
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Figure 75.—Transverse strain of Ti-6-4 sample 58 under cyclic loading at 427 °C and stress between 0 
and 640 MPa; sample failed at 115 cycles. (a) Sample cross section and rotation, indicating orientation 
of major (a) and minor (b) axes with respect to right side of test frame and giving eccentricity e. (b) Axial 
and transverse strain response for two cycles. (c) Poisson's ratio for multiple cycles as function of time. 
(d) Poisson's ratio at maximum stress for multiple cycles. 
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Figure 75.—Concluded. (c) Poisson’s ratio for multiple cycles as function of time. (d) Poisson’s 
ratio at maximum stress for multiple cycles. 
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Figure 76.—A 20-cycle test of Ti-6-4 sample 96 at 427 °C with creep holds at maximum and minimum stress. (a) Axial 


and transverse strain response for first and last cycle, showing length of major (a) and minor (b) axes of cross 
section and giving eccentricity e. (b) Poisson's ratio calculated by two methods for first and last cycle: (1) with 
v = —e;/e where e;+ is transverse strain and e is axial strain and (2) with ee determined from curve fit. Also shown 
is elastic Poisson's ratio v& (=E/E;, where Ez and E; are elastic moduli from axial and transverse stress-strain 
measurements, respectively). 
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Figure 77.—Tensile test of Ti-6-4 sample 39 at 538 °C. (a) Sample cross section and rotation, indicating orientation 
of major (a) and minor (b) axes with respect to right side of test frame and giving eccentricity e. (b) Stress versus 
axial and transverse strain determined by two techniques, and Poisson's ratio v. (c) Enlargement of loadup from 
part (b). (d) Speckled sample prior to failure at 7.5 percent axial strain. (e) Transverse strain determined by two 
techniques and measured in three locations. (f) Poisson's ratio determined by two techniques. Also shown is elastic 
Poisson's ratio v= (=E3/E;, where E; and E; are elastic moduli from axial and transverse stress-strain curves, 
respectively). (g) Contour plots of sample gage section as function of axial strain. (h) Local sample radius as function 
of axial strain. 
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Figure 7/7.—Continued. (c) Enlargement of loadup from part (b). (d) Speckled sample prior to failure at 7.5 percent 
axial strain. (e) Transverse strain determined by two techniques and measured in three locations. 
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Figure 77.—Concluded. (f) Poisson's ratio determined by two techniques. Also shown is elastic Poisson's ratio 
vE (=E,/E;, where E, and &; are elastic moduli from axial and transverse stress-strain curves, respectively). 
(g) Contour plots of sample gage section as function of axial strain. (h) Local sample radius as function of 
axial strain. 
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